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The transcription factor DRTF1/E2F is implicated in the
control of cellular proliferation due to its interaction with
key regulators of cell cycle progression, such as the
retinoblastoma tumour suppressor gene product and
related pocket proteins, cyclins and cyclin-dependent
kinases. DRTF1/E2F DNA binding activity arises when
a member of two distinct families of proteins, DP and
E2F, interact as DP/E2F heterodimers. Here, we report
the isolation and characterisation of a new member of
the E2F family of proteins, called E2F-5. E2F-5 was
isolated through a yeast two hybrid assay in which a 14.5
d.p.c. mouse embryo library was screened for molecules
capable of binding to murine DP-1, but also interacts
with all known members of the DP family of proteins.
E2F-5 exists as a physiological heterodimer with DP-1 in
the generic DRTF1/E2F DNA binding activity present in
mammalian cell extracts, an interaction which results in
co-operative DNA binding activity and transcriptional
activation through the E2F site. A potent transcriptional
activation domain, which functions in both yeast and
mammalian cells and resides in the C-terminal region of
E2F-5, is specifically inactivated upon pocket protein
binding. Comparison of the sequence with other members
of the family indicates that E2F-5 shows a greater level
of similarity with E2F-4 than to E2F-1, -2 and -3. The
structural and functional similarity of E2F-5 and E2F-4
defines a subfamily of E2F proteins.
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Introduction

Considerable evidence suggests that the cellular
transcription factor DRTF1/E2F is involved in co-
ordinating transcription with cell cycle progression.
For example, DRTF1/E2F appears to be one of the
principle targets through which the retinoblastoma
tumour suppressor gene product (pRb) exerts its
negative effects on cellular proliferation (La Thangue,
1994). Thus, by regulating the transcriptional activity
of DRTF1/E2F and hence the activity of target genes,
many of which encode proteins required for cell cycle
progression (Nevins, 1992), pRb is able to influence
progression through the early cell cycle, Natural
mutations in Rb, which occur in human tumour cells,
encode proteins which fail to bind to DRTF1/E2F
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(Bandara et al., 1991; Heibert et al., 1992; Zamanian
and La Thangue, 1992), underscoring the correlation
between de-regulating DRTF1/E2F and aberrant cell
growth. Furthermore, the transforming activity of viral
oncoproteins, such as adenovirus Ela, human papillo-
ma virus E7 and SV40 large T antigen, correlates with
their ability to de-regulate DRTF/E2F through the
sequestration of pRb and related proteins (Nevins,
1992), providing further support for this view.

Other molecules which play a central role in the cell
cycle also interact with DRTF1/E2F. Cyclins A and E,
together with the catalytic subunit cdk2, bind to
DRTF1/E2F either directly by contacting the DNA
binding components in the transcription factor (Krek
et al., 1994) or indirectly through contacts which occur
in the spacer region of the pRb-related pocket proteins
p107 or p130 (Lees et al., 1992; Cobrinik et al., 1993).
Although the role of the cyclin-cdk complex which
associates with p107 and p130 has yet to be resolved,
the direct interaction between the cyclin A/cdk2 kinase
complex and DRTF1/E2F has been shown to affect its
DNA binding activity (Krek et al., 1994).

The molecular composition of DRTF1/E2F is
beginning to be uncovered. It is now clear that the
generic DNA binding activity DRTF1/E2F arises when
members of two distinct families of proteins interact as
DP/E2F heterodimers (La Thangue, 1994), the
prototype molecules of each family being DP-1
(Girling et al., 1993) and E2F-1 (Helin et al., 1992;
Kaelidet al., 1992; Shan et al., 1992). A small region of
similarity between both proteins allows them to
interact as a heterodimer (Bandara et al., 1993; Helin
et al., 1993; Krek et al., 1993), this region being
conserved in all DP and E2F family members isolated
to date (Girling et al., 1994), thus allowing diverse
combinatorial interactions to occur.

During cell cycle progression the association of pRb,
p107 and p130 occurs in a temporally-regulated
manner, each protein having its own characteristic
profile of interactions with DRTF1/E2F (Shirodkar et
al., 1992; Cobrinik et al., 1993; Schawrz, et al., 1993).
From the E2F family members isolated to date, E2F-1,
-2, and -3 recognise pRb (Ivey-Hoyle et al., 1993; Lees
et al., 1993) and E2F-4 the p107 protein (Beijersbergen
et al., 1994; Ginsberg et al., 1994), a likely explanation
being that the temporal interactions of pocket proteins
reflect the regulated composition and/or availability of
the E2F family member in the E2F/DP heterodimer.

Although in many types of cells DP-1 is a frequent
DNA binding component of DRTF1/E2F, being
present in the varying forms which occur during cell
cycle progression (Bandara et al., 1994), other DP
family members, such as DP-2, are expressed in a
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tissue-restricted fashion (Girling et al., 1994). It would
appear likely therefore that the molecular composition
of DRTF1/E2F is influenced by cell cycle progression
and the phenotype of the cell.

The complexity of the E2F family of proteins has yet
to be elucidated. In order to address this question we
have performed a yeast-based two hybrid screen to
define new members of the family. Here, we report the
isolation and characterization of murine E2F-5, a new
member of the E2F family. E2F-5 interacts with all the
known members of the DP family of proteins. In
mammalian cell extracts E2F-5 exists as a physiological
heterodimer with DP-1, an interaction which results in
co-operative DNA binding and transcriptional activa-
tion through the E2F site. E2F-5 possesses a potent
trans-activation domain which is specifically inactivated
upon pocket-protein binding. The protein sequence and
molecular organisation of E2F-5 is more closely related
to E2F-4 than other members of the family, defining
for the first time a subfamily of E2F proteins which are
functionally and structurally related.

Results

Isolation of E2F-5

In order to explore the diversity of the E2F family of
proteins we employed a yeast two hybrid-based strategy
(Fields and Song, 1989) to identify new members (Figure
1). We chose to use DP-1 as the bait, since DP-1 is a
physiological and frequent partner for E2F-family
members (Bandara et al., 1993, 1994). An activation
domain tagged cDNA library prepared from a 14.5 d.p.c.
mouse embryo (Chevray and Nathans, 1992) was
screened for hybrid proteins capable of interacting with
LexA-DP-1. One of the clones identified encoded a
hybrid protein which by several criteria specifically
interacted with LexA-DP-1. Partial analysis of the
cDNA sequence indicated extensive similarity to E2F
family members, and thus a cDNA clone encoding the
complete protein sequence was further isolated from an
F9 EC cDNA library. Comparison of the protein
sequence with other members of the E2F family

14.5 dpc mouse
libraryembryo

Ilex A op I GAL 1-lac Z

Colony colour

white

blue

Figure 1 Strategy for isolating murine E2F-5. The 'bait', LEXA
DP-1, was used to screen a 14.5 d.p.c. mouse embryo activation-
domain tagged cDNA library

indicated that the cDNA clone encoded a novel
member. Following the designation adopted for pre-
viously isolated E2F proteins as E2F-1, -2, -3 and -4, we
refer to this clone as E2F-5.

The predicted size of murine E2F-5 is 335 residues
(Figure 2a). This prediction is based on the position
of the first potential initiating methionine codon,
together with the extenive homology existing to the
human E2F-5 sequence in which translation initiates
at the same position (Hijmans et al., in press). E2F-5
contains extensive sequence similarity with the
domains conserved between other E2F family
members (Ivey-Hoyle et al., 1993; Lees et al., 1993;
Beijersbergen et al., 1994; Ginsberg et al., 1994). For
example, the DNA binding domain shows 48%
identity with E2F-1 and 87% with E2F-4 (Figure
2b and c). Within this area, a C-terminal sub-domain
contains the only region of similarity with members
of the DP family (indicated in Figures 2b and c).
This region, which is known as the DEF box (Girling
et al., 1994; Lam and La Thangue, 1994), is
intimately involved in the formation of the DP/E2F
heterodimer (Bandara et al., 1993; Bandara, Girling
and La Thangue, in preparation). The residues within
the DEF box which are common to DP and E2F
proteins are also perfectly conserved within E2F-5
(Figure 2c), underscoring the potential importance of
this sub-domain in formation of the DP/E2F
heterodimer.

Several additional regions are similar between E2F-5
and the other family members. The marked box (Lees
et al., 1993) and pocket-protein binding domain show
58% and 50% identity to these regions in E2F-1 and
75% and 72% to the same regions in E2F-4 (Figure 2b
and c). The positions of the hydrophobic residues in
the leucine zip region are also conserved with other
E2F family members (Figure 2c). Indeed, E2F-5 may
form a longer zip than E2F-1, -2 and -3 because
hydrophobic residues in E2F-5 are in register with the
heptad repeat at two further C-terminal positions
(L144 and V151; see Figure 2c).

The features of E2F-5 suggest a closer relationship
with E2F-4 rather than with E2F-1, -2 and -3. Thus, its
organisation resembles that of E2F-4 in that the
protein does not extend much further than the N-
terminus of the DNA binding domain, and both
proteins lack the N-terminal cyclin A binding which
occurs in the other E2Fs (Figure 2b). Furthermore, the
protein sequence comparison indicates that E2F-5 and
-4 are more related to each other than either is to the
remaining members of the family. This is particularly
evident across the conserved domains, where many
residues are common between E2F-5 and -4 but not
between E2F-1, -2 and -3 (Figure 2c). Overall, E2F-5
contains 70% amino acid residues identical with E2F-4
and 38% with E2F-1. Based on this similarity, E2F-5
and -4 represent one subfamily of the E2F family of
proteins whilst E2F-1, -2 and -3, because of their close
similarity, represent another.

Binding and transcriptional co-operation with DP family
members

Generic DRTF1/E2F DNA binding activity arises
when a DP family member interacts with an E2F
family member (La Thangue, 1994). For DP-1 and
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Figure 2 Sequence and comparison of murine E2F-5 with other members of the E2F family. (a) Nucleotide sequence together with
predicted amino acid residue sequence of E2F-5. (b) Diagrammatic representation and comparison of E2F-5 (middle) with E2F-1
(top) and E2F-4 (bottom). Percentage identities at the level of protein sequence are indicated between E2F-5 and E2F-1 and E2F-5
and E2F-4. Domains shared between E2F family members are indicated (Lees et al., 1993). (c) Comparison of amino acid residue
sequence in the conserved domains within the E2F family members. The highlighted residues are common to all family members,
whereas boxed residues are common to E2F-4 and E2F-5. Bold residues in the leucine zip region indicate hydrophobics in a heptad
repeat. Residues in the DEF box region which are shared between E2F family members and DP-1 are indicated by the lines

E2F-1, the interaction results in co-operative transcrip-
tional activation, DNA binding and interaction with
pRb (Bandara et al., 1993; Helin et al., 1993; Krek et
al., 1993). We were therefore interested to determine
whether E2F-5 could co-operate with DP family
members.

To answer these questions, we first used the yeast
two hybrid assay with different DP molecules
represented in the hybrid bait as LexA fusion proteins
(Figure 1). Either E2F-5 or E2F-1 were expressed as
activation domain (GAD) tagged hybrid proteins and
the degree of transcriptional activation of a LexA
reporter construct assessed by measuring /3-galactosi-
dase activity. Both E2F-5 and E2F-1 were equally
capable of interacting with all known members of the
DP family of proteins, that is DP-1, -2, -3 and
Drosophila DP (data not shown).

We next assessed if E2F-5 could co-operate with

DP-1 to activate transcription through the E2F
binding site. For this we used a yeast assay in which
E2F-5 and DP-1 were expressed together or alone and
the transcriptional activity of an E2F site reporter
construct, p4xWT CYC1, measured (Figure 3a). In
previous studies, this assay has been used to measure
the co-operation between E2F-1 and DP-1 (Bandara
et al., 1993). The transcriptional activity of the
reporter was not significantly affected following the
expression of the DP-1 hybrid proteins and only
marginally by the E2F-5 hybrid (Figure 3b). However,
when both were expressed together, reporter activity
was stimulated greater than sixfold (Figure 3b). The
activity of p4xMT CYC1, a derivative of p4xWT
CYC1 which carries mutant E2F binding sites (Figure
3a; Bandara et al., 1993), was unaffected in the same
conditions (data not shown). We conclude therefore
that E2F-5 co-operates with DP-1.
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Figure 3 Activation of E2F site-dependent transcription by E2F-
5 and DP-1 in yeast. (a) Summary of reporter and effector
constructs. (b) The indicated E2F-5 and DP-I expression vectors
were transformed into yeast either alone (lanes 2 and 3) or
together (lane 4) and the activity of p4xWT CYC1, which carries
four wild-type E2F sites, assessed. In parallel experiments, the
activity of p4xMT CYC1 was not affected in any of the
conditions. The data presented from triplicate readings

Transcriptional activation and pocket protein regulation
of E2F-5

The ability of E2F-5 to activate transcription was
assessed in both yeast and mammalian cells. To assay
transcriptional activity in yeast, a C-terminal region
(from residue 198 to 335) of E2F-5 was fused to
LexA, and the activity of a reporter construct driven
by LexA binding sites assessed (Figure 4a). The E2F-
5 protein contains a potent trans activation domain
since the activity of the reporter in the presence of
pLEX.E2F-5 was much greater than when the vector
alone was expressed (Figure 4b); similarly, LexA
E2F-1 was capable of activating transcription (Figure
4b). Thus, E2F-5 activates transcription efficiently in
yeast.

To confirm these results in mammalian cells and
assess the functional consequences of the interaction of
pocket-proteins with E2F-5, we fused the same region
of E2F-5 to the Gal4 DNA binding domain and used
transient transfection assays to study the transcrip-
tional activity of a reporter construct driven by Gal4
binding sites, pGAL-CAT (Figure 5a). In 3T3 cells,
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Figure 4 Transcriptional activation by E2F-5 in yeast. (a)
Summary of reporter and effector constructs. (b) The transcrip-
tional activity of either pLEX.E2F-1 (track 2) or pLEX.E2F-5
(track 3) was assessed in yeast by assaying the activity of pLexA-
CYCI-lacZ. The data presented were derived from triplicate
readings

E2F-5 activated transcription efficiently relative to the
activity of the Gal4 DNA binding domain alone
(Figure 5b) since the transcriptional activity of
pGAL-CAT was 15-fold greater in the presence of
pGAL-E2F-5 relative to pG4. Similar results were
obtained in a variety of other cell types (data not
shown), indicating that E2F-5 contains a trans-
activation domain which functions in mammalian cells.

We then used the transcriptional activity of E2F-5 to
assess the functional consequences of an interaction with
either pRb or p107. As controls for wild-type pRb and
p107, we studied the activity of RbA22, a protein
encoded by a naturally-occurring mutant allele of Rb
which fails to interact with DRTF1/E2F (Zamanian and
La Thangue, 1992) and the activity of anti-sense p107
RNA (Zamanian and La Thangue, 1993). Neither wild-
type pRb or RbA22 significantly affected the activity of
E2F-5, since in the presence of either pCMVHRb or
pCMVHRbA22 the activity of pGAL-CAT was not
affected (Figure 5b). In contrast, co-expressing p107
(from pCMV107) with E2F-5 reduced the transcriptional
activity of E2F-5, an effect which was specific since anti-
sense p107 (from pCMV107AS) had no effect (Figure
5b). Using a similar experimental strategy, the p130
protein was shown to inactivate the transcriptional
activity of E2F-5 (Hijmans et al., in press).

rig

.111.111111

:

DZI

9-I99

I
336

:

:

1 I

El

4-

2-

474

4-64.

>

g

:



a Reporter

pGAL-CAT

Effectors

mu CAT )

1P-
r/GA I SV44 GAL 4

pGAL-E2F-5 I svo I Gal

PCMVI-Sb CM,/ IE I

144

HRb

pCMVHRbA22 I cmv,E

re.
pCMV107 cmv iE 107

Hfla 422

r-11.
pC1dV107AS I cloy IE I 0722

18

16

14

12-

10

8

6-

4

2-

0-
Fold
Induction

Effector

Pocket
protein

E2F.S >

7

[=I
15 2 13.9 17.6 51 14.7 2.7 2,1 1 1.3

4

04 E2F-5 64

Rb Rb 107 107 Rb Rb 107 107
522 AS 522 AS

Figure 5 Pocket protein regulation E2F-5. (a) Summary of
reporter and effector constructs. (b) The transcriptional activity of
Gal-E2F-5 (track 2) was assessed in the presence of wild type pRb
(track 3), pRbA22 (track 4), p107 (track 5) and p107AS (track 6).
For comparison, similar treatments were performed with pG4
(tracks 7 to 10). The data presented were derived from triplicate
readings

E2F-5 is a physiologiCal DNA binding component of
DRTFI1E2F

In order to determine whether E2F-5 is a physiological
DNA binding component of the generic DRTF1/E2F
DNA binding activity defined in extracts prepared
from mammalian cells, three different anti-E2F-5
peptide sera were prepared against distinct peptide
sequences (see Materials and methods). These antisera
specifically reacted with GST-E2F-5 (Figure 6a,
compare tracks 1 and 2, and data not shown).

The effect of these antisera on DRTF1/E2F DNA
binding activity was studied by gel retardation assays
performed with extracts from asynchronous cultures of
murine F9 embryonal carcinoma (F9 EC) cells which
contain predominantly the uncomplexed activity,
referred to as DRTF1/E2F b/c (La Thangue et al.,
1990). Previous studies have shown that DP-1 is a
frequent, possibly universal, component of the
DRTF1/E2F DNA binding activity in F9 EC cell
extracts (Bandara et al., 1993; Girling et al., 1993). The
anti-E2F-5 sera disrupted DRTF1/E2F DNA binding
activity, an effect which was specific since it was not
apparent in the presence of the homologous peptide
(Figure 6b, compare tracks 1, 3, 5, 7 and 9 to 2, 4, 6, 8
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and 10). Although anti-E2F-5 caused a significant
decrease in DNA binding activity, the effect was less
marked than that caused by anti-DP-1 (Bandara et al.,
1993; Girling et al., 1993), possibly because E2F-5 is
present in a sub-population of DP-1/E2F heterodimers
in F9 EC cell extracts, a situation contrasting with that
observed for DP-1.

The molecular weight of E2F-5 was determined by
immunoblotting F9 EC cell extracts. This analysis
revealed E2F-5 to be a doublet at approximately
50 000 molecular weight (Figure 6c, compare tracks 1
and 2) which is close to the size of the E2F-5
polypeptide after in vitro translation (data not shown).

DNA binding properties of E2F-5

To study the DNA binding properties of E2F-5 we
expressed and purified E2F-5 as a GST fusion protein.
Consistent with previous results (Bandara et al., 1993),
GST-DP-1 co-operated with GST-E2F-1 in binding to
the E2F site, although E2F-1 possessed significant
DNA binding activity when assayed alone (Figure 7,
compare tracks 1 through 4). In contrast, E2F-5 alone
possessed barely detectable DNA binding activity
(Figure 7, tracks 5 through 7). However, the co-
operation between E2F-5 and DP-1 was considerably
greater than between E2F-1 and DP-1 (Figure 6, tracks
8 through 10). Thus, E2F-5 and DP-1 co-operate in
DNA binding activity.

Levels of E2F-5 RNA

We were interested to determine the levels of E2F-5
RNA in different cell lines and, moreover, compare
E2F-5 levels to other members of the E2F family. For
this, RNA was prepared from asynchronous cultures of
F9 EC cells together with a variety of leukemic cell
lines, and the level of E2F-5 RNA assessed by
Northern blotting. The amount of E2F-5 RNA varied
considerably from cell line to cell line; F9 EC cells and
some of the leukaemic cell lines, for example, DAUDI
and RAGI expressed high levels (Figure 8, tracks 1, 7
and 8). In contrast, HL60 and TF1 contained low
levels of E2F-5 RNA (Figure 8, tracks 4 and 6). This
profile of E2F-5 RNA levels differed considerably from
the levels of E2F-1. For example, significant levels of
E2F-1 RNA were present in K562, HL60 and TF1 cells
in contrast to E2F-5 (Figure 8, tracks 3, 4 and 6). The
converse situation was apparent in EL4 cells were E2F-
5 levels were high and E2F-1 low (Figure 8, track 10).
We concluded that E2F-5 RNA levels are influenced by
the cell type, and that there is little correlation between
the levels of E2F-5 and E2F-1 RNA.

Discussion

E2F-5 and E2F-4 are a sub-family of E2F proteins

We report the isolation and characterisation of the fifth
member of the E2F family of proteins, E2F-5.
Although many of the domains in E2F-5, such as the
potential leucine zip, the marked box and the pocket
protein binding region, are conserved with other
members of the E2F family, the lack of N-terminal
sequence outside of the DNA binding domain indicates
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GST-E2F-5/DP-1

a

aE2F-5(3)

+

b c

aE2F-5(1) aE2F-5(2) aE2F-5(3) aE2F-5(3)

I I I II I I I

+ + + + + + : peptide

1 2 1 2 3 4 5 6 7 8 9 10

b/c

1 2

E2F-5

Figure 6 E2F-5 is a physiological DNA binding component of DRTFI/E2F in F9 EC cells. (a) E2F-5 and DP-I were expressed as
GST fusion proteins, purified and assayed by gel retardation in the presence of anti-E2F-5 (3) in the presence of either the
homologous (+; track 1) or an unrelated (; track 2) peptide. The specifically shifted complex is indicated by *. (b) The indicated
anti-E2F-5 antisera were assessed in the presence of either the homologous (+ ; tracks 1, 3, 5, 7 and 9) or an unrelated (; tracks 2,
4, 6, 8 and 10) for their effect on F9 EC cell DRTF1/E2F DNA binding activity. Note that uncomplexed DRTF1/E2F, indicated by
b/c (La Thangue et al., 1990), is specifically affected by the anti-E2F-5 sera. (c) Anti-E2F-5 (3) was used to immunoblot F9 EC cell
extracts in the presence of either the homologous (+; track 1) or unrelated (; track 2) peptide. Specific E2F-5 polypeptides are
indicated.

DP-1 :

E2F-5 :

E2F-1 :

+ + +

1 2 3 4 5 6 7 8 9 10 11

Figure 7 DNA binding properties of E2F-5. E2F-5, E2F-1 and
DP-1 were expressed as GST fusion proteins, purified and their
DNA binding activity assayed by gel retardation. Either E2F-1 or
E2F-5 were assayed alone (tracks 1 and 2 and 5, 6 and 7
respectively) or together with a constant concentration of DP-1
(tracks 3 and 4 and 8, 9 and 10). Track 11 shows the probe alone.
The amount of proteins added for E2F-1 was approximately 50 ng
(tracks 1 and 3) or 100 ng (tracks 2 and 4), for E2F-5 25 ng
(tracks 5 and 8), 50 ng (tracks 6 and 9) or 100 ng (tracks 7 and
10), and for DP-1 50 ng throughout

a structural organisation similar to E2F-4 (Beijersber-
gen et al., 1994; Ginsberg et al., 1994). The other
members of the E2F family, E2F-1, -2 and -3, have
extended N-termini within which a domain capable of
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Figure 8 Levels of E2F-5 RNA. The levels of E2F-5 RNA were
Compared to E2F-1 in the indicated cell lines. The level of
GAPDH RNA was assessed as an internal control

interacting with cyclin A residues (Krek et al., 1994). It
has been suggested that the role of this domain is to
recruit a cyclin A/cdk2 kinase to the DP-1/E2F
heterodimer which results in the subsequent phosphor-
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ylation of DP-1, the functional consequence being
reduced DNA binding activity of the DP-1/E2F
heterodimer (Krek et al., 1994). Such a mechanism
may be important in regulating the transcriptional
activity of E2F site-dependent genes at later times
during cell cycle progression. The absence of a cyclin A
binding domain in E2F-5 (and E2F-4) suggests that the
DNA binding activity of the E2F/DP-1 heterodimer
may be down-regulated through other mechanisms.
Indeed, a possible scenario through which this could be
achieved would be through the p107 and/or p130
proteins since the spacer region in these proteins can
bind either cyclin A/cdk2 or cyclin E/cdk2 complexes
(Cobrinik et al., 1993; Hannon et al., 1993; Lees et al.,
1993; Li et al., 1993). It is possible that these pocket
proteins replace the role of cyclin A-binding E2F
family members and recruit cyclin/cdk complexes to
the DP/E2F heterodimer.

Comparison of the protein sequence of E2F-5 with
other members of the E2F family indicated a closer
relationship with E2F-4 than with E2F-1, -2 and -3.
Interestingly, E2F-4 is the only known member of the
family which is capable of interacting with p107 in
physiological conditions (Beijersbergen et al., 1994;
Ginsberg et al., 1994). In contrast, the transcriptional
activity of E2F-5 can be inactivated by p107 or p130
rather than by pRb (this study and Hijmans et al., in
press). However, this may reflect the closer relationship of
p107 to p130 than with pRb (Ewen et al., 1991; Cobrinik
et al., 1993; Li et al., 1993) and may not therefore entirely
reflect physiological interactions. However, it is known
that human E2F-5 can interact with p130 in physiological
conditions (Hijmans et al., in press), although it cannot be
ruled out that a physiological interaction also occurs
between E2F-5 and p107.

Co-operation between E2F-5 and DP-1

In DNA binding and transcriptional activity E2F-5 co-
operated with DP-1. In these respects, E2F-5 possesses
similar properties to other members of the E2F family.
However, it is interesting to note that the co-operation
between E2F-5 and DP-1 was considerably greater
than, for example, the co-operation observed between
E2F-1 and DP-1 in equivalent experimental conditions
(for example see Figure 7). If this assay reflects
functional properties within cells, then it is possible
in an intracellular environment of excess DP-1 that
equivalent increases in the amount of E2F-5 and E2F-1
would result in a relatively greater level of E2F-5/DP-1
DNA binding activity. Furthermore, if there are
preferred target genes for particular E2F/DP hetero-
dimers then these differences in DNA binding activity
may reflect differences in transcriptional activity.

The precise roles of the different E2F proteins in cell
cycle control have yet to be established. However, it is
possible that they regulate the transcriptional activity
of target genes during discrete phases of cell cycle
progression. For example, that E2-1, -2 and -3 interact
with pRb (Helin et al., 1992; Kaelin et al., 1992; Ivey-
Hoyle et al., 1993; Lees et al., 1993) suggests they
regulate cell cycle progression through Gl. In contrast,
p107 associates with DRTF1/E2F towards the end of
GI, peaking in S phase (Shirodkar et al., 1992) whilst
p130 associates preferentially during early cell cycle
progression, mostly during GO (Cobrinik et al., 1993).
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However, the levels of E2F-1 and E2F-5 in a variety of
cell types suggest that the expression of E2F family
members is not only influenced by cell cycle phase but
also by phenotype. It is possible that cells utilise a
preferred subset of E2F proteins which are most suited
to their cell cycle requirements.

The molecular and functional characterisation of
E2F-5 reported here, together with its interaction with
DP family members, indicate that a variety of
heterodimers between E2F and DP family members
are theoretically possible. A major goal of future
studies will be to understand the physiological role of
each of these transcription factors in cell cycle control.

Materials and methods

Yeast strains, media and methods

Saccharomyces cerevisiae strains used in this study were as
follows: W3031a (Mata ade2-100 trpl-1 leu2-3,112 his3-11
ura3); CTY10-5d (Mata ade2 trp1-901 leu2-3,112 his3-200
gal4 ga180 URA3::lexAop-lacZ) and PCY2 (Mata gal 14
ga180 URA3:: GAL1-lacZ lys2-801 his3-200 trp1-63 leu2
ade2 ade2-101) and JZI (Jooss et al., 1994; Mata lys2-801
ade2-10 leu2M trp.A63 his3A200 URA3:: lexAop-CYC1-
lacZ. Yeast strains were propagated in YPD or YNB
media and transformed using a modification of the lithium
acetate method. The colony colour fl-galactosidase activity
assay was performed by conventional procedures. /3-
galactosidase activity of individual transformants was
quantitated in mid-log phase cultures for at least three
independent transformants.

Library DNA, plasmids and oligonucleotides

pPC67 is a 14.5 d.p.c. CD-1 mouse embryo oligo dT-primed
cDNA library fused downstream of yeast sequences encoding
the trans activation domain of the GAL4 protein (GAD;
Chevray and Nathans, 1992). Complete cDNA clones were
isolated from a AZapII F9 EC library of directionally cloned
poly dT-primed cDNA (Schöler et al., 1990).

Plasmid pTR27 is a derivative of pBTM116 (Bandara et al.,
1993) in which the polylinker sequences have been extended;
pLEX.DP-1, pGAD.E2F-1, p4xWT CYC1 and p4xMT CYC I
have been described previously (Bandara et al., 1993).
pLEX(HIS).DP-1 encodes a fusion of the complete bacterial
LexA protein with DP-1 (From amino acid residue 59 to 410) in
the plasmid pLEX(HIS), a derivative of pBTM116 in which
TRPI has been replaced with HIS3. pGAD.E2F-5 contains the
entire coding sequence of E2F-5 expressed as a hybrid protein
with the activation domain of the yeast GAL4 protein (768-
881) in the plasmid pACTII (Durfee et al., 1993). pLEX.E2F-5
contains the E2F-5 coding sequence from amino acid residue
198 to 335 expressed as a hybrid protein downstream of the
complete coding sequence of the LexA protein in the plasmid
pTR27.pLEX.E2F-1 carries full-length E2F-1 (1-437) in
pTR27. Plasmid pG4 (previously called pG4m polyII; Webster
et al., 1989) encodes the GAL4 DNA binding domain (1-148)
under the control of the SV40 early promoter. Plasmid
pGAL4.E2F-5 contains E2F-5 coding sequence from residue
198 to 335 fused downstream of the GAL4 sequences in pG4.
Plasmids pCMVHRb, pCMVHRbA22, pCMV107 and
pCMV107AS have been described previously (Zamanian and
La Thangue, 1992, 1993).

Library screening

40 pg pPC67 library DNA was co-transformed into
CTY10-5d with 40 pg pLEX(HIS).DP-1. Approximately
400 000 transformants growing on selective agar plates
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were screened by the in situ filter paper fl-galactosidase
assay. To rescue the library plasmids, blue colonies were
isolated and cured of pLEX(HIS).DP-1 by growing to
saturation in selective liquid media in the presence of
histidine. After replica-plating on selective minimal agar,
plasmid DNA from Trp +His- colonies that failed to give a
blue colour when assayed for fl-galactosidase was electro-
porated into E.coli HW87. Plasmids were recovered and
retransformed into CTY10-5d with either pLEX(HIS).DP-
1 or the control plasmid (pLEX(HIS)). A plasmid
conferring a Trp phenotype that gave a blue colony
colour only in the presence of pLEX(HIS).DP-1 was
selected for further analysis. To obtain a full-length
cDNA, the insert was excised, radiolabelled and used to
screen approximately 106 plaques from the AZapII F9EC
library from which a full length E2F-5 cDNA was isolated
and rescued into pBluescript.

Transient transfection of 3T3 cells

Transfections and assays were performed by the conven-
tional calcium phosphate precipitation method as described
previously (Zamanian and La Thangue, 1992). fl-galacto-
sidase activity derived from pCMV-figal as an internal
control was measured as previously described (Zamanian
and La Thangue, 1992).

Antisera, gel retardation analysis and immunoblotting

Rabbit antisera raised against three distinct peptides
derived from E2F-5, referred to as anti-E2F-5(1), anti-
E2F-5 (2) and anti-E2F-5 (3), were prepared and assessed
for effect on DRTF1/E2F DNA binding activity in F9 EC
cell extracts as previously described (Girling et al., 1993).
The location of the peptides within the E2F-5 sequence

References

Bandara LR, Adamczewski JP, Hunt T and La Thangue NB.
(1991). Nature, 352, 249-251.

Bandara LR, et al. (1993). EMBO J., 12, 4317 -4324.
Bandara LR, et al. (1994). EMBO J., 13, 3104-3114.
Beijersbergen RL, et al. (1994). Genes Dev., 8, 2680-2690.
Chevray P and Nathans D. (1992). Proc. Natl. Acad. Sci.

USA, 89, 5789 -5793.
Cobrinik D, al. (1993). Genes Dev., 7, 2392 -2404.
Durfee T, et al. (1993). Genes Dev., 7, 555- 569.
Ewen ME, Xing Y, Lawrence JB and Livingston DM. (1991).

Cell, 66, 1155 -1164.
Fields S and Song 0. (1989). Nature, 340, 245 -246.
Ginsberg D, et al. (1994). Genes Dev., 8, 2665- 2679.
Girling R, et al. (1993). Nature, 362, 83 -87.
Girling R, et al. (1994). Mol. Biol. Cell, 5, 1081 -1092.
Hannon GJ, Demetrick D and Beach D. (1993). Genes Dev.,

7, 2378 2391.
Heibert SW, Chellappan SP, Horowitz JM and Nevins JR.

(1992). Genes Dev., 6, 177-185.
Helin K, et al. (1992). Cell, 70, 337-350.
Helin K, et al. (1993). Genes Dev., 7, 1850 -1861.
Hijmans EM, et al. (1995). Mol. Cell. Biol., in press.
Ivey-Hoyle M, et al. (1993). Mol. Cell. Biol., 13, 7802-7812.
Jooss KU, Funk M and Muller R. (1994). EMBO J., 13,

1467- 1475.

were: 1; residue 106 to 123, 2; residue 192 to 203 and 3; the
C-terminal 15 residues. The E2F binding site was taken
from the adenovirus E2a promoter (La Thangue et al.,
1990). Either the homologous ( + ) or an unrelated (-)
peptide was added to the DNA binding assay to assess
specificity as described previously (Girling et al., 1993).
DNA binding assays performed with GST fusion proteins
and immunoblotting were as described previously (Bandara
et al., 1993, 1994).GST-DP-1, -E2F-1 (Bandara et al.,
1993) and -E2F-5 (amino acid residue 2 to 335) were
expressed and purified according to conventional proce-
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control.
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area, cell-cell adhesion sites and cleavage furrows
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Rho small GTP-binding protein regulates various cell
functions, such as formation of stress fibers and focal
adhesions, cell motility, membrane ruffling, cytokinesis
and smooth muscle contraction in mammalian cells and
bud formation in the yeast Saccharomyces cerevisiae. As
to the functioning sites of Rho in Saccharomyces
cerevisiae, we have recently shown that RHOI protein,
a homologue of mammalian RhoA, is concentrated to the
growth region of the cells where cortical actin patches
are clustered. However, in mammalian cells, the
functioning sites of Rho have not yet been studied. In
the present study, MDCK cell lines stably expressing
myc-tagged RhoA (myc-RhoA) were prepared and
localization of myc-RhoA was first immunohistochemi-
cally examined using an anti-myc antibody. In the
resting cells, almost all of myc-RhoA was observed in
the cytosol. When the cells were stimulated with phorbol
ester or hepatocyte growth factor, membrane rufflings
were induced and myc-RhoA was translocated to the
membrane ruffling area. Moreover, myc-RhoA was
translocated from the cytosol to the cell-cell adhesion
sites when the cells were transferred from a low to
normal Ca" medium. RhoA was also concentrated to
the cleavage furrows during cytokinesis in Swiss 3T3
cells. Trans location of myc-RhoA to the membrane
ruffling area was inhibited by prior microinjection into
the cells of Rho GDI, a negative regulator of Rho which
inhibits activation of Rho, or of C3, an exoenzyme of
Clostridium botulinum which ADP-ribosylates Rho and
inhibits its functions, indicating that both activation and
functioning of Rho are essential for the translocation of
Rho. The ERM (Ezrin, Radixin, Moesin) family
members were colocalized with RhoA at all of these
sites. However, RhoA was not apparently observed at the
focal adhesion plaque where vinculin was localized. These
results suggest that at least one of the functioning sites
of Rho is the ERM family-controlled actin filament/
plasma membrane association sites.

Keywords: small GTP-binding protein; RhoA; ERM
family; CD44; membrane ruffling; cell-cell adhesion;
cytokinesis

Introduction

The Rho family belongs to the small GTP-binding
protein (G protein) superfamily and consists of the
Rho, Rac and G25K subfamilies (Hall, 1990; Takai et
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al., 1992). The Rho subfamily consists of three
members, RhoA, RhoB and RhoC, and regulates
various actomyosin-dependent cell functions, such as
cell morphology (Rubin et al., 1988; Chardin et al.,
1989; Paterson et al., 1990; Miura et al., 1993),
formation of stress fibers and focal adhesions
(Paterson et al., 1990; Ridley and Hall, 1992, 1994;
Self et al., 1993), cell motility (Takaishi et al., 1993,
1994), hepatocyte growth factor (HGF)- and protein
kinase C-activating phorbol ester-induced membrane
rufflings (Nishiyama et al., 1994), cytokinesis (Kishi et
al., 1993; Mabuchi et al., 1993), platelet aggregation
(Morii et al., 1992), lymphocyte aggregation (Tomi-
naga et al., 1993), smooth muscle contraction (Hirata
et al., 1992), neurite retraction (Jalink et al., 1994), de
novo polymerization of actin in the interior of activated
mast cells (Norman et al., 1994) and bud formation in
the yeast Saccharomyces cerevisiae (Yamochi et al.,
1994). Rho also regulates lymphocyte toxicity (Lang et
al., 1992). Only this subfamily is ADP-ribosylated by
C3, a Clostridium botulinum ADP-ribosyltransferase, of
over 50 members of small G proteins (Aktories et al.,
1988; Kikuchi et al., 1988; Narumiya et al., 1988;
Braun et al., 1989). C3 ADP-ribosylates Ase of Rho,
which is located at the putative effector domain and
the ADP-ribosylation impairs the functions of Rho
presumably preventing Rho from interacting with its
effector protein (Sekine et al., 1989).

As to downstream molecules of Rho, Rho has been
shown to regulate phosphatidylinositol 3-kinase
(Zhang et al., 1993), phosphatidylinositol 4-phosphate
5-kinase (Chong et al., 1994), and phospholipase D
(Bowman et al., 1993; Malcolm et al., 1994). Rho has
also been indicated to be upstream of tyrosine kinase
and phosphatidylinositol 3-kinase (Kumagai et al.,
1993) and genistein-sensitive tyrosine kinase (Ridley
and Hall, 1994) in vivo. However, the direct effector
protein of Rho has not yet been clarified. In order to
comprehend the mechanism of these various Rho
actions, it is important to investigate the specific
intracellular localization of Rho where it interacts
with its effector protein and exerts its biological
functions. We have recently shown that yeast Rhol
protein, a homologue of mammalian RhoA, is
concentrated to the growth region of cells where
cortical actin patches are clustered, such as the site of
bud emergence, the tip of the growing buds, and the
mother-bud neck region prior to cytokinesis in
Saccharomyces cerevisiae (Yamochi et al., 1994). In
mammalian cells, it has previously been shown by
immunoblotting that thrombin translocates Rho from a
Triton X-100-soluble fraction to an insoluble cytoske-


