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DNA-binding E2F complexes have been identified throughout the mammalian cell cycle,
including the transcriptionally inactive complexes with pocket proteins, which occur early
in the prereplicative G, phase of the cycle, and the transactivating free E2F, which
increases in late G,. Here, a regulatory B-myb promoter site was shown to bind with high
affinity to free E2F and to E2F-pocket protein complexes in an indistinguishable way in
vitro. In contrast, in vivo footprinting with NIH 3T3 cells demonstrated E2F site occupation
specifically in early G,, when the B-myb promoter is inactive. These observations indicate
that a novel mechanism governs E2F-DNA interactions during the cell cycle and em-
phasize the relevance of E2F site—directed transcriptional repression.

Despite the central role of E2F in cell
cycle-regulated transcription and the iden-
tification of multiple DNA-binding E2F
complexes in nuclear extracts in vitro (I,
2), no data are available concerning the
interaction of E2F complexes with target
promoters in vivo. To address this question,
we chose the B-myb gene (3) as a model.
Transcription of the B-myb gene in mouse
fibroblasts greatly increases in late G, and
reaches a peak in the S phase of the cell
cycle, when DNA replication takes place
(3). Structure-function analysis of the B-
myb promoter identified an element neces-
sary for cell cycle regulation, CTTGGC-
GG, close to the transcription start sites
(3). This element represents a potential E2F
site, because protein binding in cell extracts
is efficiently inhibited by the adenovirus
EZA promoter E2F site. Mutation of this
site leads to up-regulation of transcription
in G, cells, which implies that the interact-
ing protein complex acts as a repressor. In
vitro experiments with cell extracts suggest-
ed that the G, complex contains the p107
pocket protein (4). In contrast, free E2F is
found in cell extracts throughout the cell
cycle, and other higher order DNA-binding
complexes are detected around S-phase en-
try (4). The function of these complexes
remains elusive, although the formation of
free E2F is generally believed to play a role
in EZF site—dependent gene activation (I).

To analyze the interaction of the puta-
tive B-myb E2F site with E2F complexes in
a more direct way, we reconstituted in vitro
different dimeric and trimeric E2F complex-
es from recombinant proteins and studied
their interaction with the B-myb E2F site by
means of electrophoretic mobility-shift as-
say (EMSA) (5) and methylation protec-
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tion footprinting (6). The complexes E2F-
1-DP-1, E2F-1-DP-1-pRb (2, 7), E2F-4-
DP-1, and E2F-4-DP-1-p107 (8) bound to
the B-myb E2F site with comparable effi-
ciency, and with an affinity similar to that
with which they bound to the high-affinity
adenoviral E2ZA promoter site (9), as deter-
mined by quantitation of the data (10) (Fig.
1A). Very similar results were obtained
with complexes containing E2F-2, E2F-3,
E2F-5, DP-2, and DP-3 (11). As expected,
binding was abolished when a point muta-
tion was introduced into the E2F site
(CTTGGCGG — CTTGGCTG) (10).
The E2F-4 complexes were chosen for in
vitro dimethyl sulfate (DMS) protection
footprinting analysis (6) because p107 is a
major pocket protein component in E2F
complexes that interact with the B-myb E2F
site in nuclear extracts (4) and because
E2F-4 is the only known E2F family mem-
ber that interacts with pl07 (8). Six gua-
nine residues were protected in the region

of the E2F site [CTTGGCGGGAG (E2F
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site in italics, protected guanines under-
lined)]; the two most 3’ guanine residues
downstream of the E2F site core motif
showed partial protection (Fig. 2). No dif-
ferences were detectable among the in vitro
footprints obtained with E2F-4-DP-1 (free
E2F) and E2F-4-DP-1-p107, respectively.
Thus, E2F complexes, regardless of the pres-
ence of a pocket component, can be detect-
ed by methylation protection footprinting
and show indistinguishable base contacts in
vitro.

We next analyzed whether the E2F-4-
DP-1 and E2F-4-DP-1-p107 complexes
might display different affinities for the B-
myb E2F site by determining the respective
association and dissociation rates (on- and
off-rates) (12). Again, the differences be-
tween the two complexes were either insig-
nificant (on-rates) or indicated a slightly
higher affinity of free E2F (off-rates) (Fig.
1B). This finding indicates that the p107
pocket protein component does not influ-
ence the DNA-binding affinity of E2F-4—
DP-1 to any major extent—and in particu-
lar, not in a way that could explain the
results obtained by in vivo footprinting de-
scribed below. In addition, on- and off-rates
were determined for E2F complexes identi-
fied in nuclear extracts and were found to
be very similar (13), thus supporting the
validity of the observations made with the
recombinant proteins.

To analyze the role of the E2F site in
vivo in further detail, we performed genom-
ic DMS footprinting (14-16). NIH 3T3
cells synchronized in G, by serum depriva-
tion and stimulated with 10% fetal bovine
serum (FBS) were analyzed for cell cycle
progression (DNA content), B-myb mRNA
expression, and E2F site occupation (meth-
ylation protection) in vivo at various time
points after stimulation. Serum stimulation
of the quiescent cells led to S-phase entry

Fig. 1. (A) Interaction of the B-
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myb E2F site with different E2F-
DP-1 and E2F-DP-1-p107 com-
plexes in vitro. Complexes were
reconstituted from recombinant
GST fusion proteins and analyzed
by EMSA (5, 10) with the use of a
synthetic oligonucleotide harbor-
ing either the B-myb E2F site (3) or
an E2A promoter E2F site (9). The
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the E2F-1 and E2F-4 complexes
reflect variations in the E2F protein
preparations rather than different
binding affinities. (B) On- and off-
rates of E2F-DNA complexes.
E2F-4-DP-1 and E2F-4-DP-1-
p107 complexes were analyzed
by EMSA as described (12).
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Fig. 2. In vitro methylation protection footprints
of E2F-4-DP-1 and E2F-4-DP-1-p107 com-
plexes. Methylated complexes were separated
by EMSA (see Fig. 1A) and analyzed for protect-
ed guanine residues (6). @, Full protection; ©,
partial protection.

after ~12 hours (Fig. 3A). As reported
previously (3), B-myb mRNA expression
increased 8 hours after stimulation (that is,
in mid- to late G,) and reached a peak at 12
hours, the time of S-phase entry (Fig. 3, A
and B).

Analysis of G, cells by genomic foot-
printing (Fig. 3C) revealed a clear occupa-
tion of the E2F site core sequence and two
guanine residues located immediately
downstream. Thus, six guanine residues at
positions -209, -208, -206, -205, -204,
and —202 (relative to the ATG start codon)
(3) were clearly protected; the latter two
positions showed partial protection. This
protection pattern is very similar to that
seen in vitro (Fig. 2), which supports the
conclusion that the protein complex inter-
acting in vivo is indeed E2F. In addition, a
guanine residue at position =223 was hyper-
methylated. This region of the B-myb pro-
moter encompasses a potential Spl site.
However, because Spl sites usually show
protection rather than hypermethylation in
vivo (17), the nature of the observed hy-
permethylation remains unclear. Analysis
of serum-stimulated cells showed a similar
EZ2F site protection at 4 hours, but protec-
tion was acutely diminished at 8 hours, and
at later time points no protection was de-
tectable. This loss of protection coincided
precisely with the onset of B-myb transcrip-
tion (Fig. 3B). In contrast to the cell cycle—
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Fig. 3. Kinetics of B-myb
mRNA expression and E2F
site occupation in vivo. (A)
Cell cycle analysis of NIH

3T3 cells synchronized in £
G, by serum deprivation 2
and stimulated with 10% o
FBS. Cells were stained for 2 109
DNA content with Hoechst § [

33258 and analyzed by flu-
orescence-activated  cell
sorting (74). (B) Expression
of B-myb mRNA during the
cell cycle, as measured by
RT-PCR (22). Glyceralde- B
hyde-3-phosphate  dehy-
drogenase (GAPDH) was
included as a control. (C)
Genomic DMS footprinting
(14-16) of the B-myb core
promoter region (coding
strand) at different stages
of cell cycle progression.

(hours)

The E2F site and a potential Sp1 site are indicated. All analy-
ses were performed with identical populations of cells. @,
Strong protection (>80%, as determined by Phosphorim-

ager); ©, partial protection (~50%).

regulated protection of the E2F site, hyper-
methylation of the guanine residue at posi-
tion —223 did not change during the cell
cycle. We also performed genomic foot-
printing of the mouse c-myc promoter and
observed protection of the E2F site
throughout the cell cycle (18). This obser-
vation clearly indicates that DNA binding
of late G,- and S-phase E2F complexes is
detectable by genomic footprinting, and
thus strongly supports the validity of the
results obtained with B-myb.

These results clearly suggest that the
DNA-binding properties of the E2F com-
plexes identified in late G;-S extracts in
vitro (free E2F and higher order E2F com-
plexes) (3, 4, 19) are modulated by an
unknown mechanism in vivo. It is possible
that such a regulation involves the phos-
phorylation of E2F by certain cyclin-depen-
dent kinases, as has been described for a
cyclin A-associated kinase (20). Cyclin A,
however, is unlikely to be responsible for
the effects observed in our study, because it
becomes active much later in the cell cycle,
during S phase. It is also conceivable that a
cell cycle-dependent alteration in the nu-
cleoprotein structure of the B-myb promoter
modulates the occupation of the E2F site,
perhaps as a consequence of phosphoryl-
ation of the E2F pocket protein component
or the establishment of higher order cyclin—
cyclin-dependent kinase complexes.

Our findings also support the conclusion
that E2F site-mediated transcriptional acti-
vation does not seem to play a crucial role,
if any, in B-myb regulation, because the E2F
site is unoccupied at a time when transcrip-
tion increases. The principal mechanism of
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B-myb regulation during the cell cycle
therefore appears to be transcriptional re-
pression. This conclusion is in agreement
with the mutational analysis of the B-myb
promoter (3). This interpretation of the
data would also be compatible with recent
observations showing that pRb represses
transcription through a mechanism that in-
volves its tethering to the promoter through
DNA-bound E2F (21). E2F site-dependent
activation of B-myb may therefore be re-
stricted to certain nonphysiological condi-
tions such as viral infection, transformation,
or E2F overexpression, during which it may
provide an additional level of regulation.
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Rapid Degradation of the G, Cyclin CIn2 Induced
by CDK-Dependent Phosphorylation

Stefan Lanker, M. Henar Valdivieso, Curt Wittenberg*

Cyclins regulate the major cell cycle transitions in eukaryotes through association with
cyclin-dependent protein kinases (CDKs). In yeast, G, cyclins are essential, rate-limiting
activators of cell cycle initiation. G,-specific accumulation of one G, cyclin, CIn2, results
from periodic gene expression coupled with rapid protein turnover. Site-directed mu-
tagenesis of CLN2 revealed that its phosphorylation provides a signal that promotes rapid
degradation. CIn2 phosphorylation is dependent on the Cdc28 protein kinase, the CDK
that it activates. These findings suggest that CIn2 is rendered self-limiting by virtue of its

ability to activate its cognate CDK subunit.

The term “cyclin” was originally coined to
describe dramatic fluctuations in abun-
dance displayed by the positive regulatory
subunits of CDKs during the cell division
cycle (1). Despite the fact that most cyclins
accumulate periodically, the mechanisms
governing their accumulation appear to dif-
fer. The budding yeast G, cyclins, encoded
by the CLN1 and CLN2 genes, accumulate
during the G, phase and become maximal
during the late G, phase as cells transit the
start (the point at which cells commit to
completion of a new cell cycle). Because
the Cln proteins appear to be constitutively
unstable (2-5), their pattern of accumula-
tion largely reflects their pattern of gene
expression. G, cyclin abundance is impor-
tant in determining the timing of cell cycle
initiation. Consequently, Cln protein insta-
bility is critical for proper regulation of cell
cycle progression.

The PEST sequence (Pro, Glu, Ser, and
Thr), found in all three yeast G, cyclins,
was originally identified as a potential de-
terminant of protein instability on the basis
of the frequency of its occurrence in con-
stitutively unstable proteins (6). However,
it has yet to be functionally defined. Dele-
tion of the COOH-terminal sequences of
ClIn2 and ClIn3 that include the PEST motif
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results in phenotypes consistent with hyper-
activation of G, cyclins (7). Furthermore,
these truncations, as well as more precise
deletions of PEST sequences, partially sta-
bilize the mutant proteins (4, 5, 8). How-
ever, it is not clear whether the PEST se-
quences per se or other aspects of the PEST-
containing region constitute the relevant
determinants. Our analysis of the posttrans-
lational modification of Cln2 has demon-
strated the importance of Cln2 phosphoryl-
ation as a signal for its rapid turnover. Be-
cause Cln2 phosphorylation is dependent
on the activity of its cognate CDK subunit,
we propose that phosphorylation of Cln2 by
Cdc28 couples activation of the Cln2-
Cdc28 protein kinase to degradation of the
Cln2 polypeptide and, thereby, renders
Cln2-activated CDK activity self-limiting.

Phosphorylation of Cln2 causes its het-
erogeneous electrophoretic mobility as ob-
served by SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE) (Fig. 1A). The Cln2
species with highest mobility comigrates
with bacterially expressed Cln2 polypeptide
(2). Treatment of *S-labeled Cln2 immu-
noprecipitates with calf intestine alkaline
phosphatase in the absence, but not in the
presence, of phosphatase inhibitors resulted
in the loss of the species with lower mobil-
ity. In addition, Cln2 became isotopically
labeled when cells were grown in the pres-
ence of [*?Plorthophosphate (Fig. 1B). The
phosphorylated amino acid residues were
primarily phosphoserine and, to a lesser ex-
tent, phosphothreonine (Fig. 1C) .

To identify the protein kinase responsi-
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