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We examined the role of promoter architecture, as well as that of the DNA-bending capacity of the E2F
transcription factor family, in the activation of transcription. DNA phasing analysis revealed that a consensus
E2F site in the E2F1 promoter possesses an inherent bend with a net magnitude of 40 6 2& and with an
orientation toward the major groove relative to the center of the E2F site. The inherent DNA bend is reversed
upon binding of E2F, generating a net bend with a magnitude of 25 6 3& oriented toward the minor groove
relative to the center of the E2F site. We also found that three members of the E2F family, in conjunction with
the DP1 protein, bend the DNA toward the minor groove, suggesting that DNA bending is a characteristic of
the entire E2F family. The Rb-E2F complex, on the other hand, does not reverse the intrinsic DNA bend.
Analysis of a series of E2F1 deletion mutants defined E2F1 sequences which are not required for DNA binding
but are necessary for the DNA-bending capacity of E2F. An internal region of E2F1, previously termed the
marked box, which is highly homologous among E2F family members, was particularly important in DNA
bending. We also found that a bent DNA structure can be a contributory component in the activation of the
E2F1 promoter but is not critical in the repression of that promoter in quiescent cells. This finding suggests
that E2F exhibits characteristics typical of modular transcription factors, with independent DNA-binding and
transcriptional activation functions, but also has features of architectural factors that alter DNA structure.

The study of transcriptional regulatory mechanisms has
demonstrated the critical role for promoter-binding proteins
that are essential for full activity of a given gene. Moreover,
various studies have detailed the modular nature of these tran-
scription factors, showing many of them to be composed of
independent domains which define promoter specificity and
activate transcription (28, 39). This modular view of transcrip-
tion factors is supported by numerous domain switching exper-
iments whereby promoter specificity domains generally func-
tion by specific DNA binding or through protein-to-protein
interactions with DNA-bound proteins (28, 39) and transacti-
vation domains are thought to function through protein-pro-
tein interactions (24, 38, 47).
More recent work has revealed an apparently distinct class

of transcription factors which might be termed architectural
components (36). These proteins bind promoter DNA and
influence promoter activity by altering the DNA topology, ap-
parently to allow other DNA-bound proteins to functionally
interact. One well-characterized example is transcription fac-
tor YY1, which upon binding to its DNA recognition se-
quences, significantly bends the promoter DNA. Depending on
the context of sites in the promoter, this perturbation has
either a positive or a negative affect on transcription (40). It
has been postulated that the role of YY-1 with respect to c-fos
promoter activity is to bend DNA and allow the synergistic
interactions between promoter-bound transcription factors
which, in the absence of YY-1, would not be able to interact.
Other mammalian transcription factors have been found to
bend DNA, including Fos and Jun (15, 30), NF-kB (44), Myc-
Max (9), and Oct-1 (51). Although the functional relevance of
the DNA bend has not been documented in these cases, the

general observation that many transcription factors bend DNA
suggests that DNA bending could be particularly important in
synergistic regulation of many promoters.
An apparently distinct example of architectural transcription

factors are the high-mobility-group (HMG) proteins, which
include the lymphoid cell-specific RNA polymerase II factor
LEF-1 (49). LEF-1 binds the minor groove of DNA (11, 50)
and induces a sharp bend in the DNA double helix (12). In the
absence of other upstream elements, multimerized LEF-1 sites
have no effect on the transcriptional activity of a basal pro-
moter. However, in the context of the T-cell receptor a en-
hancer, it appears that the DNA bend induced by LEF-1 allows
a functional interaction between transcription factors bound
on either side of the LEF-1 site (49, 52). Thus, LEF-1 appears
to enhance transcription by facilitating the interaction of other
promoter-bound factors. A similar example can be seen in the
case of activation of the beta interferon gene, whereby the
HMG I(Y) protein facilitates the assembly of functional pro-
moter complexes (7).
The E2F proteins, like many regulatory transcription factors,

are modular in structure with separable DNA-binding and
transcriptional activation domains. A fusion of the E2F1 acti-
vation domain to the GAL4 DNA-binding domain activates
transcription in both mammalian cells and Saccharomyces cer-
evisiae (6, 10, 18, 29, 45). Like many transcriptional activation
domains, this region of E2F is highly acidic and has been
shown to have the capacity to bind to the TATA box-binding
protein (16). Likewise, the activation domain of E2F1 can be
replaced with the activation domain of herpes simplex virus
protein VP16 (26), generating a chimera that can efficiently
activate transcription of a promoter containing multimerized
E2F-binding sites, but it cannot interact with the Rb protein
(26), which appears to interact with the activation domain of
E2F1 (5, 10, 16, 18, 19, 29, 45).
In addition to the fact that the E2F family exhibits charac-

teristics of modular transcription factors, it also appears that
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E2F may play a role in transcriptional regulation by altering
the architecture of the promoter. We found in this study that
the E2F recognition site itself contains an intrinsic DNA bend.
We also found that the binding of free E2F to this recognition
site results in a DNA bend similar in magnitude to the intrinsic
bend but in the opposite orientation. Analysis of a series of
E2F1 deletion mutants identified a highly conserved internal
portion of E2F1, termed the marked box, as critical for the
ability of free E2F1 to reverse the intrinsic bend of the E2F
site. Furthermore, we found that the interaction of Rb with
E2F1 nullifies its ability to reverse the intrinsic bend of the E2F
site. Finally, we also found that DNA bending of the E2F1
promoter, either the intrinsic bend or the E2F1-induced bend,
is critical for transcriptional activity of the promoter.

MATERIALS AND METHODS

Construction of phasing analysis vectors. Phasing analysis vectors pTK-401-26
and pTK-401-28 were gifts from Tom Kerppola and have been previously de-
scribed (30). pBend2 was a gift from Sankar Adhya (32). The phasing analysis
series containing the E2F site from the adenovirus E2 promoter was constructed
by cloning the hybridized oligonucleotide pairs CTAGATAGTTTTCGCGCT
TG and TCGACAAGCGCGAAAACTAT, CTAGATAGTTTTCGCGCTTAA
ATG and TCGACATTTAAGCGCGAAAACTAT, and CTAGATAGTTTTC
GCGCTTAAATTTGAGG and TCGACCTCAAATTTAAGCGCGAAAACT
AT into the SalI-XbaI cloning sites of pTK-401-26 and pTK-401-28. The phasing
analysis series containing the E2F site from the E2F1 promoter (27) was con-
structed by PCR with plasmid pBEND2 as the template and the oligonucleotide
TAGGCGTATCACGAGGCCCT, in combination with oligonucleotides GCGT
GTCGACTTTGCGCGGAAATCTAGAGGATCCCTCG, GCGTGTCGACA
CTTTTTGCCGCGAAATCTAGAGGATCCCTCG, and GCGTGTCGACGG
CCACTTTTTGCCGCGAAATCTAGAGGATCCCTCG, to generate three DNA
fragments which were then digested with EcoRI and SalI and cloned into the
EcoRI and SalI sites of pTK-401-26 and pTK-401-28.
Electrophoretic mobility shift assays and phasing analysis. Probes corre-

sponding to phasing analysis vectors were prepared by incorporating labeled
deoxynucleotides (Klenow) into restriction enzyme-digested EcoRI-HindIII
fragments (30). The incubation conditions used for DNA binding have already
been described (54). Initial experiments aimed at determining the inherent bend
in the E2F1 and E2 promoter sequences utilized standardized conditions (30).
Once the inherent DNA bend angles for E2F sites were determined, the un-
bound probes were used to calibrate the relationship between bend angle and
mobility variation for gel conditions more appropriate for high-molecular-weight
complexes (54). The k constant (30) for our standard gel conditions (54) was
estimated to be 0.72. Because of the inherent bend in the naked DNA, it was
inappropriate to correct complex mobilities for variations in the probe mobilities.
Instead, complex mobilities were normalized to the average mobility of all com-
plexes. Data from at least three individual experiments were then fitted to a
cosine function (the phasing function of Kerppola and Curran [30] by using
CurveFits 4.27 [John P. Arkins]), and the amplitude of the phasing function was
then used to estimate the bend angle (30). The orientation of DNA bending was
determined from the minima and maxima of the phasing function, assuming a
minor-groove-oriented bend of 548 at the center of the AT tract control bend (30,
33, 48).
Expression vector constructs and protein expression. E2F1 expression plas-

mids CMV-E2F1, CMV-E2F189–437, and GST-E2F1 have been previously de-
scribed (5). CMV-DP1 was a gift from Kristian Helin (20). CMV-E2F285–437 and
CMV-E2F3132–425 were gifts from Jacqueline Lees and have been previously
described (37). CMV-E2F11–417 and CMV-E2F11–283 were a gift from David
Johnson, and similar constructs have been previously described (17, 18).
GST-E2F11–283 was constructed by cloning an EcoRI fragment from pHB44-

E2F11–283 (6) into the EcoRI site of pGEX-1X. Glutathione S-transferase (GST)
fusion proteins were expressed in Escherichia coli and purified in accordance with
previously described procedures (46). Transient overexpression of E2F1, E2F2,
E2F3, and DP1 derivatives was achieved by calcium phosphate coprecipitation of
plasmid DNA into C33A cells. This method has previously been shown to
transiently overexpress E2F1 (and the E2F1 derivatives used in this work) as
much as 100-fold above the endogenous cellular E2F (6, 17, 18). C33A cells
(obtained from the American Type Culture Collection) were cultured in Dul-
becco’s modified Eagle’s medium supplemented with 10% fetal calf serum.
Whole-cell extracts were prepared from C33A cells transfected with appropriate
E2F1 and DP1 expression plasmids as previously described (6).
Transfection assays and reporter plasmids. Plasmids CMV-b-GAL, pE2F1-

Luc(2242) (27), and 4XE2-CAT (43) have been previously described. Mutant
derivatives of pE2F1-Luc(2242) were constructed by subcloning the SmaI-XbaI
fragment of pE2F1-Luc(2242) into M13mp19Rf. Mutants were generated by
oligonucleotide-directed mutagenesis (35). XhoIA, XhoIB, XhoIC, and XhoIAC
mutants were generated by using the following oligonucleotides (5-bp insertions
are underlined): XhoIA, ATTGTGGCGGCGCTCGGCGGCTCGAGTCGTG

GCTCTTTCGCGGCAAA; XhoIB, TGGCTCTTTCGCGGCAAAAAGCTCG
AGATTTGGCGCGTAAAAGTGGC; XhoIC, AAGGATTTGGCGCGTAAA
AGTCTCGAGGCCGGGACTTTGCAGGCAGC. Mutant promoter fragments
were then cloned back into SmaI-XbaI vector pGL2, and sequences were con-
firmed by double-stranded sequencing. Transfection of REF52 cells and assays of
the luciferase, chloramphenicol acetyltransferase, and b-galactosidase reporters
were done essentially as previously described (27).

RESULTS

DNA containing an E2F recognition site contains an intrin-
sic DNA bend. To quantitatively analyze DNA bending by the
E2F family of transcription factors, we used a method known
as phasing analysis, which is based on the phase-dependent
interaction between two closely spaced bends in a DNA helix
(2, 30, 31). Two series of phasing analysis probes (represented
in Fig. 1A) were constructed, each of which contains an intrin-
sic bend which has a well-characterized orientation and mag-
nitude (33). The intrinsic bend used in our analysis consisted of
three phased AT runs which have been shown to bend DNA
toward the minor groove at the center of the AT run. Two
different E2F binding sites, one from the adenovirus E2 pro-
moter (Ad-E2) and one from the E2F1 promoter (h-E2F1),
were placed adjacent to these sites. Phasing analysis of the two
different E2F sites containing free probes by using the stan-
dardized conditions described by Kerppola and Curran (30)
revealed that the E2F sites contained significant intrinsic bends
(Fig. 1B). The E2F site from the adenovirus E2 promoter,
possessing the central 12-bp sequence TTTCGCGCTTAA, ex-
hibits an intrinsic DNA bend of 25 6 28 as determined from
the amplitude of the phasing function (30). The E2F site from
the E2F1 promoter (27), which has the central 12-bp sequence
TTTCGCGGCAAA, exhibits a more dramatic intrinsic bend
of 40 6 28 as determined by the amplitude of the phasing
function. The orientation of the intrinsic DNA bends for each
of the two E2F sites tested appears to be toward the major
groove relative to the center of the E2F sites as determined
from the maxima and minima of the mobility pattern (30, 31,
55).
E2F binding reverses the intrinsic DNA bend of the E2F

site, whereas the Rb protein cancels the E2F effect. Having
established that E2F sites exhibit an intrinsic bend, we sought
to measure the effects of E2F binding upon the inherent bend.
The standardized conditions (30) that were used to character-
ize the intrinsic DNA bends were not appropriate for analysis
of slowly migrating E2F-DNA complexes. We thus used the
intrinsic DNA bends within the E2F1 promoter to calibrate
more typical E2F gel conditions (54) as described in Materials
and Methods. Shown in Fig. 2 are the results of adding a highly
purified E2F fraction to the E2F1 promoter series. The first six
lanes of Fig. 2A represent the mobilities of naked DNA,
whereas the next six lanes show the mobilities of E2F-DNA
complexes generated upon the addition of purified E2F. Al-
though the mobility pattern of E2F-DNA complexes is consis-
tent with DNA bending, the shape of the E2F-DNA pattern is
reversed relative to that of the naked DNA. Thus, E2F binding
reverses the inherent DNA bend and generates a new bend
toward the minor groove relative to the center of the E2F site.
The effect of interaction of the Rb protein with E2F on the

DNA-bending properties of E2F is shown in the assays in the
last six lanes of Fig. 2A. The Rb-E2F-DNA complex was ob-
tained by using extracts of U937 cells in which the predominant
form of E2F is the Rb complex. As in the case of free DNA, the
mobility pattern of the Rb-E2F-DNA complex is consistent
with a bend in the direction of the major groove relative to the
center of the E2F site. Thus, the interaction of Rb with E2F
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neutralizes the ability of E2F to reverse the inherent DNA
bend.
The relative bend angles of the E2F-DNA and Rb-E2F-

DNA complexes were analyzed quantitatively as shown in Fig.
2B. The intrinsic bend of the E2F1 promoter is 240 6 28
oriented toward the major groove relative to the center of the

FIG. 1. E2F sites contain an intrinsic bend toward the major groove relative
to the center of the E2F site. (A) Two series of constructs were utilized for
phasing analysis. The first contained an E2F site from the adenovirus E2 pro-
moter (Ad-E2) centered at 24, 26, 28, 30, 33, and 35 bp from the center of the
inherent DNA bend. The second series contained an E2F site from the E2F1
promoter (h-E2F1) centered at 26, 28, 30, 32, 34, and 36 bp away from the center
of the inherent DNA bend. Each promoter series was prepared by restricting
plasmids with HindIII and EcoRI, purifying the 350- to 360-bp fragments by
electrophoresis, and then using a Klenow filling reaction to label the fragments.
(B) Phasing analysis reveals inherent bending associated with E2F sites. The two
series of phasing analysis vectors depicted in panel A were analyzed by using
standardized gel conditions (30). The relative mobilities of free DNA probes are
plotted versus the center-to-center distance between the E2F site center and the
center of the inherent bend. The points (which are larger than the standard
deviations in mobility observed in three separate experiments) are connected by
the best fit of a cosine function. The magnitudes of the intrinsic bends (presented
in the upper right-hand corner of each box arbitrarily as negative numbers) were
determined from the amplitude of the phasing function as previously described
(30). The phasing function maxima are highlighted with arrowheads.

FIG. 2. E2F binding reverses the intrinsic DNA bend of the E2F site, but
interaction with the Rb protein cancels the E2F effect. (A) E2F DNA-binding
assays in a phasing analysis experiment using the E2F site from the E2F1
promoter (27) and standard E2F gel shift conditions (54). The first six lanes
represent the naked DNA; the intrinsic bend in the E2F site DNA is apparent.
The next six lanes represent the addition of a highly purified E2F fraction from
HeLa cells (54). The final six lanes represent an Rb-E2F-DNA complex obtained
from U937 extracts (antibody supershift experiments authenticating this complex
are not shown). (B) The relative mobilities from four different gel shift experi-
ments such as the one shown in panel A were averaged, fitted to a cosine curve,
and plotted as a function of the center-to-center distance between the E2F site
and the center of the inherent DNA bend (data were analyzed as described in
Materials and Methods). The bend angles shown were estimated from the am-
plitude of the phasing function defined by Kerppola and Curran (30). Negative
values arbitrarily refer to the intrinsic DNA bend, which is toward the major
groove relative to the center of the E2F binding sites, whereas positive values
refer to the protein-induced bend. Linear DNA would have a bend angle of 08.
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E2F site (this intrinsic bend was arbitrarily assigned a negative
value). The E2F-DNA complex is a reversal of the intrinsic
bend, with an estimated bend angle of 256 38 oriented toward
the minor groove relative to the center of the E2F site (the
protein-induced bend was assigned a positive value). E2F bind-
ing to the E2F site thus induces a net change in direction of
approximately 658 relative to naked DNA. The estimated bend
angle of the Rb-E2F-DNA complex is 223 6 38 oriented
toward the major groove relative to the center of the E2F site,
thus indicating that the interaction with Rb substantially nul-
lifies the ability of E2F to reverse the intrinsic DNA bend of
the E2F site. Because the E2F site is intrinsically bent, it is
formally possible that some of the effect measured in phasing
analysis is due not to a protein-directed bend but rather to
protein-directed unwinding of the DNA helix between the two
intrinsic DNA bends. However, we expect that bending is a
primary component of the effect that we observed with phasing
analysis, since bending was also detected with circular permu-
tation analysis, which should not detect DNA unwinding (23).
The E2F1, E2F2, and E2F3 products can bend the E2F1

promoter DNA toward the minor groove. The total E2F DNA-
binding activity as purified from nuclear extracts represents a
family of E2F activities (22). In addition, most of the cellular
E2F activity is represented as heterodimeric complexes (1, 20,
34) including one member from the E2F family (3, 13, 25, 37)
and one member from the DP1 family (14). Given this com-
plexity, we assayed individual members of the E2F family for
their effect on DNA bending. Cloned E2F1, E2F2, and E2F3
gene products, in combination with the heterodimeric partner
DP1, were overexpressed in C33A cells, and the resulting het-
erodimers were assayed for their DNA-bending properties. As
shown in Fig. 3A, each of the E2F-DP1 combinations yielded
a mobility pattern with the same shape as the total cellular E2F
activity assayed as shown in Fig. 2. Thus, each of these cloned
E2F products reverses the intrinsic bend to generate a bend
toward the minor groove relative to the center of the E2F site.
Quantitative analysis, presented in Fig. 3B, revealed that the
E2F1, E2F2, and E2F3 gene products, in combination with
DP1, generate bends similar in magnitude (166 3, 116 3, and
14 6 48, respectively).
Identification of E2F1 residues required for DNA bending.

The interaction of the E2F family members with Rb is medi-
ated, at least in part, by the C-terminal portion of each protein,
sequences which are also critical for the transcriptional activa-
tion capacity of the protein (5, 10, 16, 18, 19, 29, 37, 45). Since
the interaction of the Rb protein nullifies the ability of E2F to
bend DNA, it was possible that the activation domain of E2F
could contribute to DNA bending even though it is known not
to be required for binding to DNA (19, 29, 45). A series of
E2F1 deletion derivatives (Fig. 4A) were transiently overex-
pressed in C33A cells in combination with a full-length DP1
clone, and then extracts from the transfected cells were assayed
for E2F activity by gel retardation. Deletion of the N-terminal
88 amino acids of E2F1 did not alter the DNA-bending prop-
erty compared with that of the wild-type E2F1 protein (Fig.
4C). Similarly, the E2F11–417 mutant, in which part of the
transactivation domain was removed, was not significantly di-
minished in DNA-bending activity relative to the wild-type
E2F1 heterodimer with DP1. Thus, the formally defined Rb-
binding domain is not critical to DNA bending. However,
further deletion of amino acids 284 to 437, creating E2F11–283,
which partially eliminated a region termed the marked box
(37), profoundly reduced DNA bending by the resulting DP1
heterodimer. It thus appears that amino acid sequences rep-
resenting the highly conserved marked-box domain, which are

not required for DNA binding, do contribute to the DNA-
bending activity of E2F1.
We next examined the relative contribution of the E2F1

activation domain (amino acid residues 358 to 437) and the
marked-box domain (residues 251 to 317), in the context of
E2F1 homodimers, to exclude the contribution of the full-
length DP1 partner which appears to contribute substantially
to DNA bending. Although it is unlikely that E2F1 homo-
dimers are important in vivo, it has been shown that the GST-
E2F1 protein can bind DNA as a homodimer (25). For this
analysis, GST fusions of the full-length E2F1 protein, a trun-
cated version lacking the activation domain (E2F11–358), and a
third construct lacking the marked-box and activation domains
(E2F11–283) were assayed as homodimers for DNA bending.
The analyses depicted in Fig. 4C reveal that the full-length
GST-E2F1 homodimer was able to reverse the intrinsic DNA
bend to generate a protein-induced bend of approximately 96

FIG. 3. Phasing analysis of the cloned E2F products reveals that they each
bend the DNA toward the minor groove relative to the center of the protein half
site. (A) The E2F1, E2F2, and E2F3 products, in combination with DP1, were
transiently overexpressed in C33A cells as previously described (6, 20). Tran-
siently expressed E2F-DP1 combinations were typically overexpressed 100-fold
above the level of endogenous E2F DNA-binding activity. The E2F and DP1
expression vectors have been described previously: E2F1, reference 5; E2F2
(amino acids 85 to 437) and E2F3 (amino acids 132 to 425), reference 37; DP1,
reference 20. The probe series and gel conditions were the same as those
described in the legend to Fig. 2A. (B) Quantitative analysis of E2F1-DP1,
E2F2-DP1, and E2F3-DP1 combinations. The relative mobilities of E2F-DP1-
DNA complexes averaged from four different experiments are plotted versus
center-to-center distance. The bend angles estimated from the amplitude of the
phasing function are shown in the upper right corners of the graphs.
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38 toward the minor groove relative to the center of the E2F
site (Fig. 4C). Deletion of the E2F1 activation domain (as
occurs in the E2F11–358 mutant) did not have a statistically
significant effect on DNA bending relative to the full-length
construct (9 6 3 compared with 5 6 38). The contribution of
the E2F sequences referred to as the marked box (37) became
evident when the E2F11–283 homodimer was analyzed for DNA
bending. Although this protein bound specifically to the DNA,
it was unable to reverse the direction of the intrinsic DNA
bend. The net bend in the GST-E2F11–283-DNA complex
(although diminished in magnitude by the bound protein at
2406 28 compared with2166 28) remains in the direction of
the major groove. The results obtained with these bacterially
produced proteins highlight the role of the E2F1 marked-box
region in DNA bending.
A bent DNA structure contributes to activation of the E2F1

promoter. The unusual structure that the E2F elements impart
to the promoter, together with the fact that E2F binding to
these sites has a dramatic effect on this structure, strongly
suggests a role for DNA structure in E2F-dependent transcrip-
tion control. We used the E2F1 promoter as a model to ex-
amine the contribution of the intrinsic DNA bend and the
E2F-mediated DNA bending in transcriptional regulation. The
cis-acting elements of the E2F1 promoter, which are critical for
cell cycle-regulated transcription, are contained within a DNA
region approximately 200 bp long which is highly conserved
between the mouse and human genomes. Previous work has
shown that the wild-type E2F1 promoter is repressed in serum-
starved cells, dependent on the two E2F sites, and is then
activated when the cells are induced to proliferate by addition
of serum (21, 27, 41). A derivative of the E2F1 promoter
lacking the E2F sites was not efficiently repressed in serum-
starved cells and was not further activated upon serum addi-
tion, consistent with a role for E2F-Rb repression of transcrip-
tion through these sites. If DNA bending is an important
aspect of promoter regulation, one would predict that 5-bp
insertions (one-half of a helical turn) adjacent to or between
the two E2F sites would diminish the architectural role of E2F
and might alter some regulatory aspect of the E2F1 promoter.
Figure 5A highlights the structure of the E2F1 promoter

mutants which were generated. Mutant A had a 5-bp insertion
upstream of the E2F sites, mutant B had a 5-bp insertion
between the two E2F sites, and mutant C had a 5-bp insertion
between the E2F sites and the major transcription start site.
Mutant AC had 5-bp insertions both upstream and down-
stream of the E2F sites. The activity of the mutant E2F1
promoters in quiescent and stimulated REF52 cells was then
compared with those of the wild-type E2F1 promoter and an
E2F1 promoter in which the two E2F sites were mutated (27).
This mutant promoter does not bind E2F, but the intrinsic
bend is not altered from that of the wild-type sequence (data
not shown). As shown in Fig. 5B, the mutations which altered
the phase of the E2F1 promoter did not significantly alter the
low basal level of the E2F1 promoter in serum-starved cells.
Thus, the E2F-Rb repression of the E2F1 promoter does not
appear to be dependent on a specific promoter structure. In
contrast, the 5-bp insertions did diminish the activation of the
E2F1 promoter following serum stimulation. These promoter
mutants had similarly diminished responses to exogenous

FIG. 4. The marked-box domain of E2F1 contributes to DNA bending. (A)
Schematic representation of E2F1 deletion mutants characterized in bending
assays. This series of E2F1 constructs were overexpressed in C33A cells in
combination with full-length DP1 as previously described (6, 20). Previously
defined structural domains are highlighted. wt, wild type. (B) Schematic repre-
sentation of E2F1 deletion mutants expressed and purified from E. coli as GST
fusion proteins. These proteins bind DNA as homodimers (25). (C) Phasing
analysis employing the E2F1 derivatives described in panels A and B indicates a
primary role of the E2F1 marked box and a contributory role for the E2F1

activation domain in DNA bending. The data shown are from at least three
independent experiments and were analyzed as described in Materials and Meth-
ods. Approximately 10 ng of each GST protein was included in each reaction
mixture.
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E2F1 expression (data not shown). Unlike the single inser-
tions, the insertion of two 5-bp sequences on either side of the
E2F sites (Fig. 5B, mutAC) preserved a high level of activation
in serum-stimulated cells. The observation that single 5-bp
insertions diminished activation whereas two 5-bp insertions
preserved activation suggests that the structure of the E2F1
promoter is important for activity.
To further address the contribution of DNA bending to

promoter activation, we assayed a series of E2F1 mutant pro-

teins for activation of the promoter. These include wild-type
E2F1; E2F1FS409, which bends DNA but lacks an activation
domain; and E2F11–283, which lacks an activation domain and
generates straight DNA upon binding. These E2F1 derivatives
were characterized for the ability to activate the E2F1 pro-
moter, where we anticipated DNA bending to play a role, as
well as an artificial construct in which an E2F site is reiterated
eight times adjacent to the TATA box of the adenovirus E2
promoter (4XE2-CAT) (43). Because 4XE2-CAT contains no
other recognized transcription factor-binding sites, it is likely
that E2F-mediated transcription activation of this promoter
involves direct interactions of the bound E2F factors with pro-
teins of the basal machinery, including TFIID.
Expression of wild-type E2F1 together with DP1 activated

both promoters (Fig. 6). E2F1 frameshift mutant E2F1FS409,
which lacks the acidic activation domain and did not interact
with the TATA-binding protein in pull-down assays (data not
shown), failed to activate the 4XE2-CAT reporter as expected
on the basis of removal of the activation domain. In sharp
contrast, the E2F1FS409 mutant, which does retain the ability to
bend DNA, as shown in Fig. 6B, also retained the capacity to
activate the E2F1 promoter. The activation seen in this assay
is likely the consequence of displacement of the inhibitory
E2F-Rb complex from the E2F-binding sites. Since this E2F1
protein still bends the DNA, the bent structure of the pro-
moter is retained. In contrast, the E2F11–283 mutant, which
lacks the marked-box domain in addition to the activation
domain and has significantly reduced DNA-bending capacity
(Fig. 4C), did not activate either the 4XE2 promoter or the
E2F1 promoter.
From these results, we conclude that the structure of the

E2F1 promoter does affect the transcriptional activity of the
promoter. Five-base-pair substitutions in and around the E2F
sites likely reduce promoter activity because they rotate the
DNA helix 1808, thus adversely affecting the interactions of
upstream factors such as SP1 with the basal-complex factors.
The absence of E2F binding to the promoter (with the E2F site
mutant) still allows promoter activation, which is likely the
consequence of relief of repression imposed by E2F-Rb bind-
ing. This repression can also be reversed by competition with
an excess of free E2F. This reversal can be accomplished by
both wild-type E2F1 and an activation domain mutant, since
they both would displace the Rb complex. Both of these pro-
teins are able to bend the DNA, and although the bend is in
the direction opposite to the naked DNA, the resulting bend
angle is nearly equivalent and thus upstream sites and basal-
complex sites would still be brought into juxtaposition in the
same plane. In contrast, the binding of the E2F mutant
(E2F11–283) that changes this bend angle, generating a nearly
linear DNA structure, does not allow activation even though it
would also displace the E2F-Rb repressor. Thus, activation of
the E2F1 promoter directly correlates with the structure of the
promoter involving the E2F recognition sites.

DISCUSSION

Rapid advances have been made over the past several years
in the understanding of mechanisms of transcriptional regula-
tion. This includes the identification of large numbers of tran-
scriptional regulatory proteins that participate in the assembly
of the basal-promoter complex, as well as the activating pro-
teins that bind upstream sequences and influence the fre-
quency of transcription initiation. Although most attention has
focused on the function of activation domains and the role of
interactions of these domains with components of the basal-
promoter complex, a number of recent studies have shown that

FIG. 5. Architecture within the E2F1 promoter is important for E2F-medi-
ated activation of transcription. (A) Depicted is a 200-bp region of the E2F1
promoter that is sufficient for cell cycle regulation of the E2F1 gene and is highly
conserved between the mouse and human promoters (21, 27, 41). The bent arrow
represents the major transcription start site, and the boxes represent the two
E2F-binding sites of the promoter. Mutations of the E2F promoter which were
generated are highlighted below the wild type, and the vertical arrows represent
5-bp insertions which also generated XhoI sites. (B) Phase-changing mutations
do not diminish repression of the E2F1 promoter in serum-starved REF52 cells
but do diminish activation following serum induction. REF52 cells were trans-
fected with 5 mg of the luciferase reporters (as indicated) along with 3 mg of a
cytomegalovirus-driven b-galactosidase internal control and 12 mg of carrier
DNA as previously described (27). Following serum starvation for 48 h, some of
the cells were induced to proliferate by addition of 20% fetal calf serum. Cells
were harvested 24 h later, and luciferase and b-galactosidase levels were deter-
mined in extracts of the cells. Values for luciferase assays are expressed as fold
activation and are averages of two independent transfections. In each case,
luciferase activity was corrected by using the b-galactosidase internal control.
The E2F-negative mutant has been previously described (27). Activity in serum-
starved and serum-stimulated cells is indicated by minus and plus signs, respec-
tively. WT, wild type.
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the architecture of the promoter is important in allowing these
interactions to form. In some cases, this involves the action of
proteins that alter the inherent structure of the promoter DNA
without themselves playing a direct role in activation (7, 49,
52). In other instances, transcription factors that possess acti-
vation domains, which likely participate in direct interactions
with the transcriptional machinery, also have the capacity to
alter the promoter structure to facilitate the interactions (40).
The experiments we present here demonstrate that the E2F
transcription factor family represents an example of this latter
class of proteins.
E2F as an element with DNA-bending activity. The previous

work of Huber and colleagues investigated DNA bending me-
diated by E2F, as well as the effect of Rb on an E2F-mediated
bend (23). These experiments estimated that free E2F induced
a DNA flexure angle of 1258 and that the interaction of Rb
with E2F reduced the bend angle to 808. These investigators
did not report an intrinsic bend in the DNA. The discrepancy
of results clearly lies in the choice of method used to measure
bending, since the experiments performed by Huber and col-
leagues utilized circular permutation analysis, which does not
allow accurate estimation of bend direction or magnitude and
is sensitive to the shape of the proteins being analyzed (30, 31).
Through assays of various E2F1 mutants, the experiments

we present here demonstrate that an internal portion of the
E2F1 protein, the so-called marked-box domain (37), is critical
for its ability to bend DNA and reverse the intrinsic DNA bend
of the E2F recognition site. The marked box of E2F1 has been
implicated as important for interactions with the adenovirus
E4 protein, as well as the Rb protein (8, 17, 42). Whether these
properties relate to the mechanisms by which the E2F marked-
box domain might contribute to DNA bending and how the
interaction of Rb nullifies the bending capacity of E2F1 remain
unclear.
The best-studied example of protein-induced DNA bending

by a protein structurally related to E2F is the B-Zip-containing
Fos-Jun heterodimer (30, 31). Computer modeling of the Fos-
Jun-DNA interaction predicts that the Fos protein induces a
bend away from the dimer interface. In the Fos-Jun-DNA
complex, it is expected that the Fos basic region forms a con-
tinuous alpha helix which causes the major groove to bend to
support charge interactions between the phosphates of the
DNA and basic side chains of the protein. By analogy, we
predict that upon binding to the intrinsically bent DNA, basic
helices of E2F likely fill the major groove and rather than
break the protein helix to continue to form a tract along the
major groove, the DNA itself bends to accommodate a con-
tinuous protein alpha helix. This model is consistent with the
footprints of E2F-DNA complexes, since E2F protects a rela-
tively large area of the DNA, as might be expected if extensive
interactions between the protein alpha helix and the major
groove of the DNA were occurring (29, 54). In addition, the
fact that the conformation of the E2F-Rb-DNA complex is
very close to the state of the intrinsic bend of the naked DNA
suggests that the 10- to 15-fold longer half-life of the Rb
complex versus the E2F-DNA complex (23) may reflect the
energy required to reverse the intrinsic bend, making the com-
plex less stable than the E2F-Rb-DNA complex, where no
energy would be required to alter the DNA structure. Since a
role of the E2F-Rb complex is to inhibit transcription from
otherwise active promoters (27, 53), the greater stability of the
Rb-containing complex may afford tighter control of transcrip-
tion.
Relationship between transcription control by E2F, E2F-Rb,

and promoter architecture. Our experiments suggest that in
the context of the E2F1 promoter, a DNA bend in either

FIG. 6. Activation of the E2F1 promoter by E2F1 mutant proteins supports
a role for DNA bending in E2F-mediated transcriptional activation. (A) Differ-
ential activation of 4XE2-CAT and E2F1-Luc by various E2F1 derivatives. Cy-
cling REF52 cells were transfected with 5 mg of the wild-type (WT) E2F1-Luc
reporter, 5 mg of the 4XE2-CAT reporter, 3 mg of a cytomegalovirus-driven
b-galactosidase internal control, and 6 mg of carrier DNA as previously described
(27). Transfections included 500 ng each of an E2F1-expressing plasmid and a
DP1-expressing vector or an equal amount of an empty vector. Cells were
harvested 48 h following transfection. The data are averages of two independent
transfection assays. (B) Phasing analysis reveals that FS409 bends DNA as well
as wild-type E2F1 does. FS409 was overexpressed in combination with DP1 and
assayed as described in the legend to Fig. 3.

VOL. 16, 1996 E2F-MEDIATED TRANSCRIPTION ACTIVATION 2125



direction, whether the intrinsic bend dictated by the DNA
sequence or the bend induced by bound E2F, contributes to
transcription activation, presumably by bringing proteins closer
together that are bound to matching faces of the DNA helix.
We suspect that the intrinsic bend and the E2F-mediated bend,
which create DNA structures with similar bend angles, may
facilitate the ability of upstream activators such as SP1 to make
appropriate contacts with the basal transcription machinery,
including the TATA-binding-protein-associated factor compo-
nents of transcription factor TFIID (4), as a result of physical
juxtaposition. We believe that the various circumstances that
reduce the transcriptional activity of the promoter provide
compelling evidence that DNA bending is important for pro-
moter activity. The 5-bp substitutions in and around the E2F
sites likely reduce promoter activity because they rotate the
DNA helix 1808, thus adversely affecting the interactions of
upstream factors such as SP1 with the basal-complex factors.
Although the binding of the wild-type E2F1 protein reverses
the DNA bend, the spatial relationship of upstream and down-
stream components is maintained in the same plane and the
promoter is active. This is highlighted by the observation that
an E2F1 mutant that lacks the activation domain but retains
the ability to bend the DNA (E2F1FS409) can still activate the
E2F1 promoter, whereas an E2F1 mutant that straightens the
promoter DNA upon binding (E2F11–283), and thus disrupts
the spatial relationship of upstream sites to the basal complex,
does not activate the promoter. For instance, if one imagines
the DNA lying on a flat surface with two transcriptional com-
plexes bound on top of the DNA, then a bend in either direc-
tion within the plane of the surface will bring the complexes
closer together. This result strongly suggests that the alteration
of the structure of the DNA has a significant impact on the
transcriptional activity of the promoter.
On the basis of these observations, we believe it is likely that

the activity of the E2F1 promoter, and possibly that of any
promoter containing E2F recognition sites, is influenced by the
inherent structure dictated by the sequence of these elements.
Although the E2F-dependent activation of the E2F1 promoter
during a cell growth response may be relatively independent of
the activation domain, we suspect that the ability of the protein
to displace the repressing E2F-Rb complex but still maintain a
promoter structure that facilitates interactions of other pro-
moter-binding factors is critically important to the activation of
the promoter.
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