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The CCAAT displacement protein (CDP), the homologue of the Drosophila melanogaster Cut protein, con-
tains four DNA binding domains that function in pairs. Cooperation between Cut repeat 3 and the Cut
homeodomain allows stable DNA binding to the ATCGAT motif, an activity previously shown to be upregulated
in S phase. Here we showed that the full-length CDP/Cut protein is incapable of stable DNA binding and that
the ATCGAT binding activity present in cells involves a 110-kDa carboxy-terminal peptide of CDP/Cut. A
vector expressing CDP/Cut with Myc and hemagglutinin epitope tags at either end generated N- and C-
terminal products of 90 and 110 kDa, suggesting that proteolytic cleavage was involved. In vivo pulse/chase
labeling experiments confirmed that the 110-kDa protein was derived from the full-length CDP/Cut protein.
Proteolytic processing was weak or not detectable in G0 and G1 but increased in populations of cells enriched
in S phase, and the appearance of the 110-kDa protein coincided with the increase in ATCGAT DNA binding.
Interestingly, the amino-truncated and the full-length CDP/Cut isoforms exhibited different transcriptional
properties in a reporter assay. We conclude that proteolytic processing of CDP/Cut at the G1/S transition
generates a CDP/Cut isoform with distinct DNA binding and transcriptional activities. These findings, together
with the cleavage of the Scc1 protein at mitosis, suggest that site-specific proteolysis may play an important
role in the regulation of cell cycle progression.

Genetic studies with Drosophila melanogaster indicated that
cut plays an important role in determining cell-type specificity
in several tissues (reviewed in reference 35). Defects caused by
cut mutations appear to result from the fact that some cells
have enrolled in the wrong developmental program (6, 8–10,
12, 13, 24, 29–31). In higher vertebrates, Cut proteins were
originally characterized as CCAAT displacement proteins and
have been termed CDP (CCAAT displacement protein), Clox
(Cut-like homeobox), Cux-1 (Cut homeobox), and CDP-2 (2,
36, 43, 50).

CDP/Cut proteins are unique in that they contain four DNA
binding domains: the Cut homeodomain (HD) and the three
Cut repeats (CR1, CR2, and CR3), which are three regions of
;70 amino acids that share from 52 to 63% amino acid identity
with each other (1, 3, 7, 20, 21, 36). Using a panel of fusion
proteins, we have shown that a Cut repeat cannot bind to DNA
as a monomer but that certain combinations of domains exhibit
high DNA binding affinity: CR1CR2, CR3HD, CR1HD, and
CR2HD (33). CR1CR2 displayed rapid on and off rates and
bound preferably to two CAAT or CGAT sites, organized as
direct or inverted repeats. Accordingly, only CR1CR2 was able
to bind to the CCAAT sequence, and its affinity was increased
by the presence of a CA/GAT site at close proximity. More-
over, CR1CR2, but not CR3HD, was able to displace the
NF-Y factor. Thus, the CCAAT-displacement activity involves
Cut repeats 1 and 2 but not the Cut homeodomain. In contrast,
various combinations involving the Cut homeodomain and one

Cut repeat were found to make a stable interaction with
ATNNAT motifs. In particular, CR3HD stably bound to DNA,
preferably with the ATCGAT sequence. CDP/Cut proteins
were generally found to function as transcriptional repressors
(2, 17, 27, 28, 32, 38, 40, 43). In addition, CDP/Cut may also be
able to participate in gene activation on specific promoters (45,
50). Indeed, CDP/Cut was found to be a component of the
promoter complex HiNF-D, which is believed to contribute to
the transcriptional induction of several histone genes at the
G1/S phase transition of the cell cycle (5, 44, 45). In this
instance, transcriptional activation could not be demonstrated
in cotransfection assays, but it was proposed that the regula-
tory effect of CDP/Cut on transcription might vary depending
on the proteins with which it interacts (45). In particular,
supershift assays using antibodies against pRb-related proteins
suggested that CDP/Cut might alternatively interact with pRb
or p107 on different promoters (45).

We have recently obtained evidence that CDP/Cut may play
an important role in cell cycle progression (16). Using the
ATCGAT site as a probe, little CDP/Cut DNA binding was
detected in G0 and early G1, unless cell extracts were previ-
ously treated with alkaline phosphatase. In contrast, strong
DNA binding was observed in S phase. This was shown to
result, at least in part, from dephosphorylation of the Cut HD
by the Cdc25A phosphatase. Thus, apart from cdk2, CDP/Cut
is the only known substrate for Cdc25A, a phosphatase that is
required for G1/S transition and whose overexpression triggers
S phase entrance (11, 25, 46). The increase in CDP/Cut activity
coincided with a decrease in p21WAF1/CIP1/SDI1 mRNA. In co-
transfection experiments, CDP/Cut repressed a reporter con-
trolled by the p21 promoter, whereas an antisense CDP/Cut
vector restored p21 expression in S phase. Moreover, p21 ex-
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pression was repressed equally well by either Cdc25A or CDP/
Cut. Altogether, these results led us to propose a model
whereby Cdc25A activates the CDP/Cut repressor that subse-
quently down-regulates transcription of p21 in S phase.

Site-specific proteolysis has emerged as an important regu-
latory mechanism that plays a role in a number of cellular
processes including transduction within the Notch and Hedge-
hog signaling pathways, sister-chromatid separation at an-
aphase, and generation of the amyloidogenic peptide in Alz-
heimer’s disease (4, 15, 19, 42). In the field of transcription,
proteolytic processing of transcription factors was shown to
redirect the localization of these proteins or to generate spe-

cific isoforms with distinct biochemical properties (4, 14, 18,
22, 47, 49).

The present study was triggered by a surprising result. We
found that a purified CDP/Cut protein exhibited DNA binding
properties similar to that of CR1CR2, suggesting that CR3HD
was weakly or not active in the context of the full-length pro-
tein. Moreover, in mammalian cells the ATCGAT binding
activity that is upregulated in S phase could be supershifted
with C-terminal-specific but not with N-terminal-specific anti-
CDP/Cut antibodies. Further investigation led to the discovery
that the full-length CDP/Cut protein is proteolytically cleaved
to generate N-terminal and C-terminal peptides of 90 and 110

FIG. 1. The full-length CDP/Cut protein exhibits DNA binding kinetics similar to that of CR1CR2. (A) DNA binding specificity of CR1CR2
(CR112), CR3HD, and CDP/Cut for CGATATCGAT. Decreasing amounts of the indicated fusion proteins were mixed with radiolabeled
oligonucleotides containing the CGATATCGAT sequence at room temperature until equilibrium was reached. DNA-protein complexes were
resolved on a nondenaturing polyacrylamide gel that was dried and autoradiographed. Note that oligonucleotides containing the CGATATCGAT
sequence are recognized efficiently by CR1CR2, since two CGAT direct repeats are present (CGATATCGAT), and by CR3HD, since the
ATCGAT sequence is present (CGATATCGAT). (B) DNA binding kinetics of CR1CR2, CR3HD, and CDP/Cut. One hundred nanograms of the
indicated fusion protein was incubated with radiolabeled oligonucleotides containing the CGATATCGAT sequence at room temperature until the
equilibrium was reached (15 min); 1,000-fold molar excess of unlabeled oligonucleotides was added, and at the indicated time points aliquots of
the mixture were taken and analyzed by EMSA.
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FIG. 2. Two distinct retarded complexes are generated by CDP/Cut proteins, only one of which is supershifted by antibodies raised against the
N-terminal region of the protein. (A and B) NIH 3T3 cells were transfected with a vector expressing the CDP/Cut protein (A) or Myc-Cut-HA,
a CDP/Cut protein with Myc and HA epitope tags at its amino- and carboxy-termini, respectively (B). Nuclear extracts were prepared and analyzed
in EMSA with oligonucleotides containing a universal CDP/Cut consensus-binding site (CGATATCGAT). The DNA and proteins were incubated
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kDa and that processing is regulated during cell cycle progres-
sion. Interestingly, the full-length and 110-kDa CDP/Cut iso-
forms displayed different effects in a reporter assay, suggesting
that processing of CDP/Cut serves to generate an isoform with
distinct transcriptional properties.

MATERIALS AND METHODS

Plasmid construction. For expression of the full-length CDP/Cut protein in
SF9 insect cells, nucleotides (nt) 27 to 5101 from the human CDP/Cut cDNA
(GenBank) accession no. M74099) was inserted into pBlueBac His2b (InVitro-
gen). The resulting plasmid was cotransfected with a helper plasmid to obtain
baculoviruses expressing CDP/Cut with a histidine tag at the amino terminus.
The DNA polymerase alpha-luciferase reporter construct was prepared as fol-
lows. PCR amplification was performed to obtain a fragment of genomic DNA
containing nt 56 to 1657 of the human DNA polymerase alpha gene 59 end
(GenBank no. M64481). The primer at the 59 and 39 ends included EcoRI and
BamHI sites, respectively, to allow cloning into the pBluescript KS vector (Strat-
agene). An EcoRV-NcoI fragment, including nt 56 to 1621 of the DNA poly-
merase alpha gene, was then subcloned into the corresponding sites of the
luciferase reporter vector, pGL3 (Promega). The resulting plasmid contains
sequences from 21517 to 149 relative to the transcription initiation site of the
DNA polymerase alpha gene.

Expression and purification of CDP/Cut fusion proteins. The his-tagged
CR1CR2, CR3HD, and full-length CDP/Cut have been described previously
(33). ET-15b-derived vector was introduced into the BL21(DE3) strain of Esch-
erichia coli and induced with isopropyl-b-D-thiogalactopyranoside (IPTG). SF9
insect cells were infected with baculovirus encoding his-CDP/Cut and were
incubated for 3 days. The fusion proteins were purified by affinity chromatogra-
phy using procedures provided by the suppliers.

Cell culture and synchronization. NIH 3T3, HeLa cells, and HS578T cells
were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and 293 cells, in DMEM with 10% horse
serum. To obtain cells in G0 phase using the serum starvation and stimulation
method, NIH 3T3 cells were maintained for 3 days in DMEM plus 0.4% FBS
(serum 0 h). The medium was then changed to DMEM plus 10% FBS and cells
were harvested either 3 h later to obtain cells in early G1 (serum 3 h), 10 h later
for mid-G1, or 18 h later for S phase. Synchronization in G1/S was performed
using the double thymidine procedure (39). Cells were cultured overnight in
DMEM plus 10% FBS supplemented with 2 mM thymidine, washed the next day,
cultured for 10 h in DMEM plus 10% FBS, and finally further incubated over-
night in the presence of 2 mM thymidine (thymidine 0 h). To allow cells to
progress in the cell cycle, the medium was replaced with DMEM plus 10% FBS
and cells were harvested 3 h later (thymidine 3 h). Fluorescence-activated cell
sorter (FACS) analysis was performed as previously described (16)

Preparation of nuclear extracts. Nuclear extracts were prepared according to
the procedure of Lee et al., except that nuclei were obtained by submitting cells
to 3 freeze-thaw cycles in buffer A (10 mM HEPES [pH 7.9], 10 mM KCl, 1.5 mM
MgCl2, 1 mM dithiothreitol [DTT] (26). Nuclei were then resuspended in buffer
C (20 mM HEPES [pH 7.9], 25% glycerol, 1.5mM MgCl2, 420 mM NaCl2, 0.2
mM EDTA) and incubated at 4°C for 30 min. After 15 min of centrifugation, the
supernatant was collected. Buffers A and C were supplemented with protease
inhibitor mix tablets purchased from Roche. Total extracts were prepared by
applying buffer X (50 mM HEPES [pH 7.9], 0.4 M KCl, 4 mM NaF, 4 mM
Na3VO4, 0.2 mM EGTA, 0.2 mM EDTA, 0.1% NP-40, 10% glycerol, 0.5 mM
DTT, protease inhibitor mix tablet from Roche) to a monolayer plate. After 10
min of incubation on ice, the resulting slurry was centrifuged for 15 min at 4°C
and the supernatant was collected.

EMSA. Electrophoretic mobility shift assays (EMSA) were performed with 2
to 5 mg of nuclear extract from mammalian cells. The samples were incubated at
room temperature for 5 min in a final volume of 30 ml of 25 mM NaCl, 10 mM

Tris (pH 7.5), 1 mM MgCl2, 5 mM EDTA (pH 8.0), 5% of glycerol, and 1 mM
DTT, with 30 ng of poly(dI-dC) and 30 mg of bovine serum albumin as nonspe-
cific competitors. End-labeled double-stranded oligonucleotides (;10 pg) were
added and further incubated for 15 min at room temperature. Samples were
loaded on a 5 or 4% polyacrylamide gel (30:1) and separated by electrophoresis
at 8 V/cm in 0.53 Tris borate-EDTA. Gels were dried and visualized by auto-
radiography.

Oligonucleotides. The sequences of oligonucleotides used in this study are as
follows: CGATATCGAT (universal CDP/Cut consensus binding site), TCGAG
ACGATATCGATAAGCTTCTTTTC; ATCGAT, TCGAGACGGTATCGATA
AGCTTCTTTTC. Underlining and boldface type indicate the recognition se-
quence within the oligonucleotides. CGAT...CGAT is the binding site for
CR1CR2, while ATCGAT is the binding site for CR3HD.

CDP/Cut antibodies and Western blot analysis. To generate polyclonal anti-
bodies against various regions of CDP/Cut (1,505 amino acids [aa]), rabbits were
injected with 500 mg of purified bacterial fusion protein containing various
regions of CDP/Cut in Freund’s complete adjuvant. aN and a861 were raised
against aa 227 to 1003 and aa 861 to 936, respectively. The animals were boosted
twice with 250 mg of protein, and serum was collected 10 days after the last boost.
Polyclonal antibodies were purified by affinity chromatography. The serum was
passed through two glutathione S-transferase (GST) affinity columns and the
flowthrough was then applied to a GST-CDP/Cut affinity column to isolate
antibodies against CDP/Cut. To generate N-term antibodies, the N serum was
immunodepleted by being passed through a column containing GST-CDP/Cut
861-936 and GST-CDP/Cut 940-1036. For Western blot analysis, protein extracts
were recovered as described above and separated by electrophoresis on 8% (see
Fig. 2) or 6% polyacrylamide gels. Western blot analysis with aCut 861 and aCut
N term was performed as previously described (16). Western blot analysis for
Myc and hemagglutinin (HA) epitopes were done with minor modification. For
the primary antibody incubation, aMyc or aHA antibodies were incubated with
the membrane in TBST (10 mM Tris [pH 8] 150 mM NaCl, 0.1% Tween) for 1 h
at room temperature. After four 10-min washes with TBST, secondary antibodies
were added to membrane in TBST and incubated for 45 min at room tempera-
ture. Following four 10-min washes with TBST, proteins were visualized with the
ECL system from Amersham.

DNA affinity chromatography. A 59 biotinylated oligonucleotide containing an
ATCGAT site was annealed with its unlabeled complementary oligonucleotide
and bound to streptavidine agarose beads for 1 h in EMSA reaction buffer. HeLa
nuclear extract (100 mg) was precleared with streptavidine agarose beads for 1 h
and added to streptavidine-biotin-DNA beads and incubated for 1 h in EMSA
buffer. The DNA-protein beads complex was washed three times for 5 min with
EMSA buffer at 4°C, resolved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and visualized by Western blot analysis.

Luciferase assay. HS578T cells were plated at 105 cells per 22.1 wells. The next
day, a total amount of 1.5 mg of DNA was transfected, including 0.5 mg of
reporter DNA and increasing amounts of effector DNA using ExGen500 (MBI;
Fermentas). Each transfection was carried in 6 separate wells. Cells were har-
vested 40 h later. Cells from three wells served to prepare separate cytoplasmic
extracts for luciferase assay, and cells from three other wells serve to prepare
total extracts for Western blot analysis. Luciferase assays were performed as
previously described, with minor modifications (16). Because the internal control
plasmid is itself often repressed by CDP/Cut, as a control for transfection effi-
ciency the purified b-galactosidase protein (Sigma) was included in the transfec-
tion mix, as previously described (23). The luciferase activity was then normal-
ized based on b-galactosidase activity.

RESULTS

The full-length CDP/Cut protein exhibits DNA binding ki-
netics similar to these of CR1CR2. The CDP/Cut protein con-
tains four DNA binding domains: CR1, CR2, CR3, and HD.

either with no antibody (lane 1) or with the indicated antibodies (lanes 2 to 4). The preimmune serum is that for anti-861, the nonrelated antibody
is a goat anti-rabbit immunoglobulin G. The arrows indicate the positions of the retarded complexes. Note that the lower retarded complex can
be supershifted with anti-861 (A) and anti-HA (B) antibodies but not with anti-N-term (A) or anti-Myc (B) antibodies. A diagram of the protein
is shown indicating the evolutionarily conserved domains and the regions recognized by the respective antibodies (CC, coiled-coil). (C) Nuclear
extracts from untransfected 293 cells and transfected NIH 3T3 cells (CDP/Cut, MCH, Vector) were separated by electrophoresis on 8%
polyacrylamide gels and analyzed in Western blots with CDP/Cut N-term, CDP/Cut 861, HA, and Myc antibodies. Note that the relative abundance
of the full-length CDP/Cut protein appears less than that in subsequent blots using 6% polyacrylamide (Fig. 3, 4, and 5). This is because transfer
of the 200-kDa protein to the membrane is less efficient in 8% polyacrylamide.

VOL. 21, 2001 S PHASE-SPECIFIC PROTEOLYTIC CLEAVAGE OF CDP/Cut 6335



We have previously shown that two DNA binding domains are
required for efficient DNA binding, and that the two most
efficient combinations, CR1CR2 and CR3HD, exhibit different
DNA binding specificities and kinetics (33). Whereas CR1CR2
only transiently bound to sequences containing direct or in-
verted repeats of the CGAT or CAAT motifs, CR3HD made
a stable interaction with the ATCGAT sequence. To analyze
DNA binding by the full length CDP/Cut protein, we designed
oligonucleotides that can be recognized both by CR1CR2 and
CR3HD. Oligonucleotides containing the CGATATCGAT se-
quence were recognized efficiently by CR1CR2, since two
CGAT direct repeats are present (CGATATCGAT), and by
CR3HD, since the ATCGAT sequence is present (CGATAT
CGAT) (Fig. 1A). These oligonucleotides can thus serve as
universal CDP/Cut consensus binding sites.

To investigate the DNA binding properties of the full length
CDP/Cut protein, the protein was purified as a histidine-
tagged fusion protein using a baculovirus expression system.
When incubated with the CGATATCGAT probe, CDP/Cut
generated one retarded complex (Fig. 1A). We next investi-
gated the DNA binding kinetics of the full-length CDP/Cut
protein. Like CR1CR2 but in contrast to CR3HD, CDP/Cut
bound to DNA with a fast off rate (Fig. 1B). Thus, the full-
length CDP/Cut protein binds only transiently to DNA, al-
though it contains CR3HD that, on its own, makes a stable
interaction with DNA. Altogether, these results suggest that
the CR1CR2 bipartite DNA binding domain is active in the
context of the full-length CDP/Cut protein, whereas CR3HD is
weakly active or not active.

An amino-truncated 110-kDa CDP/Cut protein is responsi-
ble for the lower of two retarded complexes observed with the
universal CDP/Cut consensus-binding site. EMSAs were per-
formed using the universal CDP/Cut consensus binding site,
CGATATCGAT, and nuclear extracts from NIH 3T3 cells that
had been transfected with a vector expressing the full-length
CDP/Cut cDNA. Two main retarded complexes were observed
(Fig. 2A, lane 1). Antibodies raised against different regions of
the CDP/Cut protein were used in supershifting experiments in
order to assess the nature of the protein(s) responsible for the
retarded complexes. While the 861 antibodies supershifted
both retarded complexes, the N-term antibodies supershifted
only the highest complex, suggesting that the higher complex
involved the full-length CDP/Cut protein and the lower com-
plex, a CDP/Cut protein that is truncated at its amino-terminal
end (Fig. 2A, lanes 2 and 3). In Western blot analyses with the
N-term and 861 antibodies, several lower-molecular-weight
species were observed in addition to the full-length 200-kDa
CDP/Cut protein (Fig. 2C, lanes 1 to 4). Interestingly, a 110-
kDa protein detected with the 861 antibody was also present in
untransfected 293 cells, indicating that this smaller protein is
normally expressed in untransfected human cells (Fig. 2C,
lanes 3 and 4).

To confirm and extend the above results we prepared a
vector, called MCH (Myc-Cut-HA), expressing the full-length
CDP/Cut protein with Myc and HA epitope tags at its amino
and carboxy termini, respectively. NIH 3T3 cells were trans-
fected with the MCH vector and tested in EMSA with the
universal CDP/Cut consensus-binding site. Again, two main
retarded complexes were observed (Fig. 2B, lane 1). The Myc
antibody supershifted only the highest retarded complex and

the HA antibody supershifted both complexes, whereas an
unrelated antibody had no effect (Fig. 2B, lanes 2 to 4). These
results indicate that the protein responsible for the highest
complex contains both epitope tags and therefore must be full
length. In contrast, the protein generating the lower retarded
complex contains an HA tag but not a Myc tag and must be
truncated at its amino-terminal end. In Western blot analysis,
the HA antibody revealed two main proteins: one with an
apparent molecular size of 200 kDa corresponding to the full-
length CDP/Cut and one of approximately 110 kDa. The Myc
antibody also revealed two main proteins: one of 200 kDa and
one of approximately 90 kDa. These results demonstrate that
shorter CDP/Cut proteins can be generated from the full-
length CDP/Cut coding sequences and that an amino-trun-
cated CDP/Cut protein binds to the universal CDP/Cut bind-
ing site.

Two mechanisms could account for the generation of
shorter CDP/Cut proteins. A proteolytic processing event may,
at once, produce the 110-kDa protein seen with the HA anti-
body and produce the 90-kDa protein seen with the Myc an-
tibody. Alternatively, the amino-truncated 110-kDa protein
may be generated by translation at an internal start codon,
while the carboxy-truncated 90-kDa protein would be gener-
ated by premature translation termination or proteolytic cleav-
age of the full-length protein. Experiments described below
will address this issue. It is important to stress that several
experiments were performed to ensure that shorter CDP/Cut
isoforms were not simply generated as a result of proteolytic
cleavage occurring postlysis. First, our lysis buffer contained an
extensive cocktail of protease inhibitors (see Materials and
Methods). Second, the shorter CDP/Cut isoforms were ob-
served with a series of lysis buffers containing various concen-
trations of ionic and nonionic detergents (data not shown).
Thirdly, treatment of cells with certain protease inhibitors for
4 h caused a reduction in the amount of short CDP/Cut iso-
forms (see Fig. 8 and data not shown). However, no reduction
was observed when the same protease inhibitors were applied
to cells only minutes prior to cell lysis (data not shown).

DNA affinity chromatography leads to the specific enrich-
ment of a 110-kDa CDP/Cut protein. The results presented in
Fig. 2 showed that the most abundant CDP/Cut protein species
was the 200-kDa full-length protein. However, in EMSA the
most abundant retarded complex was the fast-migrating one.
Assuming that the fast-migrating complex involved a shorter
CDP/Cut protein, these results could only be reconciled if the
putative shorter species exhibited a higher DNA binding affin-
ity or was able to bind more stably to DNA. To investigate this
possibility, we performed DNA affinity chromatography and
assessed the relative amounts of CDP/Cut protein species be-
fore and after the procedure (see Materials and Methods). In
unfractionated nuclear extracts from HeLa cells, the 110-kDa
species was clearly a minor species compared to the 200-kDa
species (Fig. 3, lanes 1 and 6). However, DNA affinity chro-
matography led to the specific enrichment of the 110-kDa
protein (Fig. 3, lanes 5 and 7). The 110-kDa Protein was
recognized by the 861 and 1300 antibodies but not by the
N-terminal CDP/Cut antibodies (see Fig. 2 for the position of
their respective epitopes). These results clearly demonstrate
the N-terminally truncated 110-kDa CDP/Cut protein can bind
to DNA with high affinity.
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S phase-specific proteolytic cleavage of CDP/Cut. We have
previously shown that CDP/Cut is regulated in a cell cycle-
dependent manner and that DNA binding to the ATCGAT
sequence increases as cells progress into S phase (16). We
therefore verified whether expression of the shorter 110-kDa
protein was also regulated during the cell cycle. NIH 3T3 cells
were transfected with the MCH vector and then synchronized
in G0, early G1, mid-G1, and S phases using serum starvation
and restimulation or thymidine block (see Materials and Meth-
ods). Total extracts were prepared and analyzed by Western
blot using the HA and Myc antibodies (Fig. 4A). The 110-kDa
protein was not detected in the population of cells enriched in
G0 and it was barely visible in early G1 and mid-G1, but it was
strongly expressed in S phase using either method of synchro-
nization. Interestingly, with the Myc antibody a protein of 90
kDa was detected in the two populations of cells enriched in S
phase, suggesting that the 110-kDa HA-tagged protein and the
90-kDa Myc-tagged protein were generated at the same time,
most likely by proteolytic cleavage. This hypothesis will be
tested in pulse-chase labeling experiments (see Fig. 6). Inter-
estingly, the Myc antibody also revealed a carboxy-terminally
truncated protein that migrated with an apparent molecular
size of 180 kDa. These findings raise the possibility that an-
other processing event also takes place within the carboxy-
terminal domain of the protein. This possibility is currently
under investigation. EMSA were performed with the same
extracts and oligonucleotides containing the ATCGAT con-
sensus (Fig. 4B). These oligonucleotides were previously
shown to be well recognized by CR3HD but weakly or not at
all recognized by CR1CR2 (33). Indeed, only one retarded
complex was detected, and its intensity was increased in S
phase. Altogether these results demonstrate that the increase
in ATCGAT binding activity at the G1/S transition coincides
with the production of the N-terminally truncated 110-kDa
CDP/Cut protein.

We then verified whether expression of the endogenous
CDP/Cut protein was also regulated in a cell cycle-dependent
manner. NIH 3T3 cells were synchronized by serum starvation
and restimulation and were analyzed by Western blot using the
861 antibodies and in EMSA using the ATCGAT binding site.
Interestingly, a doublet of bands at 110 kDa was observed at 18
h following serum stimulation in the population of cells en-
riched in S phase (Fig. 5A). Whether there are two processing
events or one processing event followed by some posttransla-
tional modification is not known at this point. It should be
noted that only one 110-kDa band was detected in 293 cells
using the same antibodies (see Fig. 2). Thus, there could be a
difference in this respect between human and murine cells.
Importantly, these novel bands correlate with the increase in
the retarded complex seen in EMSA (Fig. 5B). In conclusion,
amino-truncated CDP/Cut proteins are expressed predomi-
nantly in S phase, and the increase in their expression corre-

FIG. 3. DNA affinity chromatography with the ATCGAT sequence
leads to the specific enrichment of a 110-kDa CDP/Cut protein. (A)
Nuclear extracts from HeLa cells were subjected to affinity chroma-

tography using as bait biotinylated oligonucleotides containing the
ATCGAT sequence. Samples were then separated by electrophoresis
on 6% polyacrylamide gels and analyzed by Western blotting with the
anti-CDP/Cut 861 (lanes 1 to 5), 1300 (lanes 6 to 7), and N-term (lanes
8 and 9) antibodies.
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lates with the increase in DNA binding to the ATCGAT se-
quence.

Pulse-chase labeling in vivo indicates that the 110-kDa pro-
tein derives from the 200-kDa full-length CDP/Cut protein.

The fact that the 110-kDa N-terminally truncated CDP/Cut
protein was expressed concomitantly with a 90-kDa C-termi-
nally truncated protein suggested that a proteolytic processing
event was involved in the generation of the 110-kDa protein.

FIG. 4. S phase-specific proteolytic cleavage of CDP/Cut. A cDNA encoding Myc-Cut-HA generates short proteins specifically in S phase. NIH
3T3 cells were transfected with a vector expressing Myc-Cut-HA, a CDP/Cut protein with Myc and HA epitope tags at its amino and carboxy
termini, respectively. Cells were synchronized either by serum starvation and stimulation or by thymidine block, as described in Materials and
Methods. Total extracts were prepared and analyzed in Western blots with anti-Myc and anti-HA antibodies (A) and in EMSA with an ATCGAT
probe (B). Note that only a lower retarded complex is visible in EMSA with total extracts, whereas two complexes were observed with nuclear
extracts (see Fig. 1). Cell cycle distribution was monitored by FACS analysis after staining of the DNA with propidium iodide (C). Unsync.,
unsynchronized.
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To verify this hypothesis, we performed 35S-pulse-chase label-
ing in vivo and followed expression of the 200- and 110-kDa
CDP/Cut proteins. NIH 3T3 cells were transfected with a vec-
tor expressing MCH and synchronized in G0 by serum starva-
tion for 72 h. After serum starvation, cells were stimulated to
reenter the cell cycle by replacing the medium for complete
medium with 10% FBS. Twelve hours later, cells were incu-
bated with complete labeling medium for 30 min. Total ex-
tracts were prepared from one plate (Fig. 6A, sample 1), while
cells in the second plate were incubated with normal medium
for an additional 4 h, at which time total extracts were pre-
pared (Fig. 6A, sample 2). This scheme was chosen because
previous cell synchronization experiments revealed that the
110-kDa protein was weakly expressed or not expressed in G1

phase but appeared later as cells progressed into S phase (Fig.
4 and 5). Following immunoprecipitation with the 861 anti-
body, the 110-kDa protein was not detected in sample 1, indi-
cating that it is not synthesized in mid-G1 (Fig. 6A, lane 1). Yet
the 110-kDa protein was clearly visible in cells that had been
incubated an additional 4 h in the presence of cold medium
(Fig. 6A, lane 2). Since radiolabeling took place from 12 h to
12.5 h and only full-length CDP/Cut was visible at 12.5 h, the
presence of the 110-kDa protein at 16.5 h could only be ac-
counted for by supposing that it was generated by cleavage of
the full-length CDP/Cut protein. Moreover, as both samples
were prepared in the same manner, the presence of the 110-
kDa protein in one sample but not in the other further dem-
onstrates that the proteolytic cleavage did not occur postlysis.

FIG. 5. CDP/Cut proteins (110 kDa) are expressed in S phase. NIH 3T3 cells were synchronized in G0 by serum starvation for 72 h and then
stimulated with fresh DMEM plus 10% FBS. The indicated times correspond to the time elapsed since release from the G0 block. Nuclear extracts
were prepared and analyzed in Western blots with anti-Cut 861 antibodies (A) and in EMSA with the ATCGAT probe (B). Cell cycle distribution
was monitored by FACS analysis after staining of the DNA with propidium iodide. Unsync., unsynchronized.
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Another mechanism for the production of the N-terminally
truncated 110-kDa protein would be translation initiation at an
internal start site. To investigate this possibility, we modified
the MCH vector by inserting a stop codon in the coiled-coil
region upstream of CR1. The presence of a stop codon in the
59 coding region should not affect expression of the 110-kDa
protein if translation at a downstream start site is involved. The
MCH-STOP vector produced a short, truncated protein that
was easily detected with the Myc antibody, indicating that the
stop codon was functional (Fig. 6B, lane 1). However, the
110-kDa protein could not be detected with the HA antibody
(Fig. 6B, lane 2). We conclude that expression of the 110-kDa
protein requires the prior production of the full-length 200-
kDa CDP/Cut protein.

Altogether, these results exclude translation at an internal
initiation site as the mechanism leading to the expression of
the 110-kDa protein, and they are most consistent with the
notion that this shorter protein is generated from the 200-kDa
protein by proteolytic processing. Thus, translation in mid-G1

leads to the synthesis of a 200-kDa full-length CDP/Cut pro-
tein that is later processed into an amino-terminally truncated
protein of 110 kDa with DNA binding properties similar to
those of CR3HD.

Mapping of the sequences required for processing. To map
the sequences required for processing, we generated a series of
vectors expressing amino-truncated Myc-Cut-HA proteins
(Fig. 7A). The name of each vector corresponds to the first
amino acid encoded by this vector. Only the full-length MCH
and the 659 vectors produced the 110-kDa proteins (Fig. 7A).
The 878, 958, and 1029 vectors generated shorter proteins.
Thus, the site of cleavage is located between CR1 and CR2,
more precisely between aa 659 and 878. In EMSA with the
ATCGAT sequence, the 878 and 958 vectors generated re-
tarded complexes that migrated faster than those produced by
the full-length MCH vector. In contrast, 659 produced two
retarded complexes, one comigrating with the MCH complex
and one (more intense) that migrated more slowly. These
results suggest that the full-length 659 protein, in contrast to
the full-length MCH protein, is able to bind efficiently to the
ATCGAT sequence. Since the full-length 659 protein is more
abundant than its processed form (Fig. 7A, lane 2), it gives rise
to the most abundant retarded complex in EMSA. We deduce
from these results that the ATCGAT DNA binding activity is
inhibited in the context of the full-length protein and that this
inhibition can be released following amino-terminal truncation
of the protein.

FIG. 6. 35S-pulse-chase labeling demonstrates that the 110-kDa
amino-truncated protein derives from the 200-kDa full-length CDP/
Cut protein. (A) NIH 3T3 cells were transfected with cDNA express-
ing Myc-Cut-HA in two 150 mm-diameter plates and synchronized in

G0 by serum starvation for 72 h and then stimulated with fresh DMEM
plus 10% FBS. The indicated times correspond to the time elapsed
since release from the G0 block. At 12 h, the medium was replaced with
complete labeling medium containing 35S-labeled methionine and cys-
teine. At 12 h and 30 min, total extracts were prepared from one plate
of cells, while the medium was replaced with complete medium with
cold methionine and cysteine in the second plate. At 16 h and 30 min,
total extracts were prepared from the second plate. Samples 1 and 2
were immunoprecipitated with 861 antibody, resolved by PAGE, and
revealed by autoradiography. (B) A cDNA expressing Myc-Cut-HA
and Myc-Cut-HA with a stop codon inserted in the coiled-coil region
were transfected in NIH 3T3 cells. Nuclear extracts were prepared and
analyzed by Western blot with Myc and HA antibody.
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We then generated a series of MCH vectors with progressive
carboxy-terminal deletions. Since processing was observed with
each construct, we conclude that the carboxy-terminal domain,
the Cut HD, and the Cut repeat 3 can be removed without
affecting processing (Fig. 7C). An internal deletion from aa 659
to 878 completely abolished processing (Fig. 7D), whereas a
construct encoding only Cut repeats 1 and 2 and the linker

between them generated a shorter protein of the expected
molecular size (Fig. 7D). Altogether, our mapping data indi-
cate that proteolytic cleavage occurs between aa 659 and 878
and does not require domains of the protein that are located
far away from the cleavage site. Whether sequences between
aa 659 and 878 are sufficient for cleavage is currently under
investigation.

FIG. 7. Proteolytic cleavage occurs downstream of CR1, between aa 659 and 878. NIH 3T3 cells were transfected with a series of vectors
expressing amino- and carboxy-terminally truncated MCH proteins. Nuclear extracts were prepared and analyzed in Western blots with anti-HA
or anti-Myc antibodies, as indicated, and in EMSA with the ATCGAT probe (B). A diagram of the proteins encoded by each construct is shown
at the bottom. Note that only the full-length MCH and the 659 are processed into a shorter form. In EMSA, 659 generates two main retarded
complexes, the higher of which migrates more slowly than that seen with MCH. This is because the nonprocessed 659 is more abundant than its
processed derivative, and it is capable of stable binding to the ATCGAT probe.
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Processing changes the transcriptional properties of CDP/
Cut. Since the short isoform is capable of stable DNA binding,
whereas the full-length protein only transiently binds to DNA,
we envisaged that the two isoforms could exhibit different
transcriptional properties. CDP/Cut has been characterized by
us and other groups as a transcriptional repressor (2, 17, 27, 28,
32, 38, 40, 43). However, some results in the literature suggest
that it may also participate in transcriptional activation (45,
50). This is also suggested by our own studies using a reporter
construct containing the DNA polymerase alpha gene reporter
(Truscott et al., in preparation). To compare the effect of the
two CDP/Cut isoforms in a transient reporter assay, we needed
to express the full-length protein in the absence of the pro-
cessed isoform. In parallel studies, we found that little or no
processing of CDP/Cut takes place in confluent cells. There-
fore, in this experiment cells were plated at a higher cell den-
sity and, following transfection, were allowed to reach near
confluence before harvesting them. As can be seen in Fig. 8B,
no processed isoform was observed in cells transfected with the
full-length Myc-Cut-Ha construct. In the reporter assay, we
found that a recombinant protein corresponding to the p110
CDP/Cut isoform was able to stimulate expression from a
DNA polymerase alpha gene reporter (Fig. 8A). In contrast,
expression was decreased in the presence of full-length CDP/
Cut (Fig. 8A). These results do not demonstrate that p110

directly activates the DNA polymerase alpha reporter. The
results are also consistent with a model whereby the short
CDP/Cut isoform would repress expression of a protein that, in
turn, acts as a down-modulator of the DNA polymerase alpha
gene promoter. Notwithstanding the exact mechanism-leading
to an increase in reporter gene expression, these results sug-
gest that an important consequence of CDP/Cut processing is
to generate an isoform with distinct transcriptional properties.

DISCUSSION

The CDP/Cut transcription factor contains two bipartite
DNA binding domains, CR1CR2 and CR3HD, that exhibit
distinct DNA binding activities. When expressed as fusion pro-
teins, CR1CR2 bound with rapid on and off rates to DNA
sequences containing direct or inverted repeats of the CAAT
or CGAT motifs, whereas CR3HD made a stable interaction
preferably with the ATCGAT sequence (33). To our surprise,
we found that the full-length CDP/Cut protein could only
make a transcient interaction with DNA (Fig. 1). In cells, the
CDP/Cut protein that binds to the ATCGAT site was found to
be an amino-terminally truncated 110-kDa protein (Fig. 2 and
3). Production of this protein was shown to involve the synthe-
sis of the full-length protein followed by an S phase-specific
proteolytic cleavage (Fig. 4 to 7). In reporter assays, an amino-

FIG. 8. An amino-terminally truncated CDP/Cut isoform is capable of transcriptional activation. HS578T cells were cotransfected with the
DNA polymerase alpha luciferase reporter construct and a vector expressing either nothing, full-length Myc-Cut-HA (MCH 1), or a MCH protein
starting at aa 878 (MCH 878). (A) Cytoplasmic extracts were prepared and processed to measure luciferase activity. Means of 6 transfections are
shown and the results are expressed as relative light units (RLU) normalized to b-galactosidase activity from an internal control. (B) Total extracts
were prepared in parallel and analyzed in Western blots with anti-HA antibodies.
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terminally truncated CDP/Cut protein caused an increase,
whereas the full-length CDP/Cut caused a decrease, in the
expression from the DNA polymerase alpha gene promoter
(Fig. 8). Altogether, our results demonstrated that proteolytic
processing of CDP/Cut leads to the production of an isoform
that displays distinct DNA binding and transcriptional activi-
ties (Fig. 9).

The proteolytic processing event leading to the production
of the 110-kDa CDP/Cut protein was found to occur at a much
higher rate in populations of cells enriched in S phase, either
by serum starvation and stimulation or by thymidine block,
than in unsynchronized cells or in populations enriched in G0

or G1 (Fig. 4 and 5). This suggests that CDP/Cut processing
begins as cells progress into S phase. It is not clear whether the
triggering event at the end of G1 involves the protease or
CDP/Cut. Two scenarios can be envisaged. The protease itself
may be expressed or activated at the end of G1. Alternatively,
we can envisage that the protease acts in a constitutive manner
but that CDP/Cut needs to be posttranslationally modified in
order to become a substrate of this protease.

Interestingly, S phase-specific proteolytic processing of the
p27 cdk inhibitor has previously been reported (37). Processing
was assumed to cause the inactivation of p27 by removing the
cyclin interacting domain, CY. The cleavage of p27 and CDP/
Cut suggests that proteolytic processing may be an important
regulatory mechanism in the control of the G1/S transition.
These results, along with the findings that sister-chromatid
separation at anaphase is promoted by cleavage of the cohesin
subunit Sec1, indicate that proteolytic processing may be in-
volved in different phases of the cell cycle (42). Thus, two sorts
of proteolysis appear to be needed to ensure cell cycle pro-
gression. The first is the destruction of several cell cycle regu-
lators following ubiquitination by the Skp1–Cdc53/cullin–F-
box protein complexes or the anaphase promoting complex/
cyclosome (reviewed in reference 41). The latter is the precise
cleavage of certain proteins to generate peptides with proper-
ties distinct from that of their precursors.

In most cases thus far reported the consequence of proteo-
lytic processing was to redirect the localization of these pro-
teins, in particular from a cytoplasmic site to the nucleus. For
example, cleavage of SREBP and ATF6 in response to sterol
deprivation and endoplasmic reticulum (ER) stress caused the
release of their cleaved products from the ER membrane and
their movement to the nucleus (22, 48). Cleavage of Cubitus

interruptis in the absence of Hedgehog signaling enabled the
translocation of the Cubitus interruptis 75-kDa isoform from
microtubules in the cytoplasm to the nucleus where it func-
tioned as a repressor (4). Processing of NF-kB p105 into
NF-kB p50 was proposed to contribute to its nuclear translo-
cation by separating the P50 N-terminal peptide from the
ankyrin repeats which would retain it to a cytoplasmic anchor
(18). In a few cases, specific proteolytic cleavage serves to
generate novel isoforms with altered biochemical properties.
Cleavage of full-length 38-kDa C/EBPb leads to the produc-
tion of a dominant-negative C/EBPb isoform of 21 kDa, LIP
(liver-enriched transcriptional inhibitory protein), that can
bind to DNA but is devoid of transactivation potential (49).
Autocatalytic processing of the C1 factor was found to gener-
ate a number of polypeptides that remained tightly associated
together (47). In this case, processing resulted in the produc-
tion of a protein complex with different properties, but whether
processing also affected its localization remained unclear. In
the case of CDP/Cut, processing did not seem to alter subcel-
lular localization, as antibodies raised against N- or C-terminal
peptides generated a strong signal primarily, if not exclusively,
in the nucleus (data not shown). We cannot, of course, exclude
the possibility that processing affects localization in a more
subtle way within the nucleus itself. Clearly, however, process-
ing of CDP/Cut generated an isoform with different DNA
binding properties.

An amino-terminally truncated CDP/Cut protein, but not
the full-length CDP/Cut protein, was able to stimulate expres-
sion from a reporter construct containing the DNA polymerase
alpha gene promoter (Fig. 8). We do not know the mechanism
of action of p110; it may directly activate transcription of the
reporter, alternatively, it may repress expression of another
repressor that binds to the DNA polymerase alpha promoter.
Whatever its mechanism of action, we can speculate that the
distinct transcriptional activities of the short and full-length
CDP/Cut proteins may result from their differences in DNA
binding activities. Whereas the full-length CDP/Cut protein
could only make transient interaction with oligonucleotides
containing the ATCGAT motif, shorter proteins containing
CR3HD or CR2CR3HD were capable of stable DNA binding
(Fig. 1 and reference 33). It is generally assumed that tran-
scriptional activation requires stable interaction with the pro-
moter. On the other hand, we and others have shown that
CDP/Cut can repress by two mechanisms: active repression

FIG. 9. Modulation of CDP/Cut at the G1/S transition. In early G1, CDP/Cut exists as a full-length protein that cannot stably bind to the
ATCGAT sequence. As cells reach S phase, CDP/Cut is proteolytically processed into an amino-truncated 110-kDa protein in which the CR3HD
bipartite DNA binding domain is fully active.
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and competition for binding site occupancy (27, 28, 32). While
transient DNA binding could cause repression by preventing
the binding of an activator to an overlapping binding site,
active repression would be expected to require stable DNA
binding to the promoter in order to recruit a histone deacety-
lase. Future experiments should test the notion that stable
DNA binding is required for active repression and transcrip-
tional activation. Moreover, our results raise the interesting
possibility that CDP/Cut isoforms may exhibit distinct bio-
chemical activities on different promoters.

An important component of the transcriptional regulation at
the G1/S transition involves the phosphorylation of retinoblas-
toma protein by G1 cyclin/CDKs and the concomitant release
of E2F, which can then activate the transcription of genes
whose products are required for DNA replication (reviewed in
reference 34). However, some of the genes previously reported
to be activated by E2F in cotransfection assays, including the
DNA polymerase alpha gene, were recently found not to be
primary targets of E2F, implying the involvement of other
effectors acting downstream of, or in parallel with, E2F (46).
Our results suggest that proteolytic cleavage of CDP/Cut in
part may serve to activate the transactivation function of CDP/
Cut (Fig. 8). These findings raise the possibility that the pro-
cessed CDP/Cut isoform represents one of the G1/S effectors.
Future experiments should aim to verify whether CDP/Cut
function is required for the induction of S phase by E2F.
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