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Abstract

The expression of cyclin kinase inhibitor p21 is regulated by the ubiquitin-proteasome protein degradation system, as well as by
transcriptional regulation. Generally, ubiquitination is regulated by the phosphorylation of the substrate. In this study, we identified
the region of p21 responsible for the regulation of ubiquitination. Since the phosphorylation sites of p21 are distributed in the C-
terminal region, we constructed sequential C-terminal truncated fragments and examined their ubiquitination in eukaryotic cells.
The ubiquitination was observed in the 1-164 (full length) and 1-157 fragments with the same efficiency, but not in the 1-147
fragment. The lack of ubiquitination in the 1-147 fragment was unlikely due to the removal of a Lys residue at position 154, since
the p21 K154R mutant was ubiquitinated as efficiently as the full-length p21. Furthermore, the 148-157 deleted form of p21 was not
ubiquitinated, just like the 1-147 fragment. Thus, the C-terminal 148—157 region, not a ubiquitination site by itself, should contain
an essential regulatory region for the efficient ubiquitination of p21. © 2002 Elsevier Science (USA). All rights reserved.
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The progression of the cell cycle is precisely con-
trolled by cyclin dependent kinases (CDKs). The se-
quential activation of CDKs is accomplished by the
association of each CDK with a specific cyclin subunit
[1,2]. In the mammalian cell cycle, G1 progression is
driven by the association of cyclinD with either CDK4
or CDK®6, while the G1-S transition requires both cy-
clinE-CDK?2 and cyclinA—-CDK2 associations [1]. As
the cell cycle progresses, each cyclin is degraded, and the
phase specific CDK activity is diminished [3,4]. How-
ever, to ensure the prevention of an unscheduled entry
into S phase, the activity of the cyclin-CDK complex is
suppressed by an association with CDK inhibitors [5].
For control at the G1-S checkpoint, there are two
groups of CDK inhibitors, the p21 family and the
pl6INK4 family. Ample evidence suggests that the ex-
pression of cyclin kinase inhibitors is regulated at both
the transcriptional and protein levels [5,6].
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When dividing cells are exposed to genetic stress, the
cell cycle must be arrested immediately to ensure the
integrity of the DNA and/or cell cycle control. Cyclin
kinase inhibitors are constitutively expressed in cells to
prepare for their prompt response against genetic stress
during Gl. If the cell cycle progresses from G1 to S on
schedule and without DNA damage, the inhibitors are
degraded through the ubiquitin-proteasome pathway, as
are cyclins [7]. Consequently, DNA damage may result
in the accumulation of cyclin kinase inhibitors through
the inhibition of their degradation.

The p21, a transcriptional target of p53, inhibits cell
cycle progression through its interactions with cyclin—
CDK complexes and proliferating cell nuclear antigen
(PCNA) [8,9]. In addition, p21 is induced by p53 inde-
pendent signals during growth arrest and cellular dif-
ferentiation [10]. Zeng and el-Deiry [11] demonstrated
that p21 expression is regulated by both transcriptional
and posttranscriptional mechanisms. As for posttran-
scriptional mechanisms, caspase digestion and the
ubiquitin-proteasome protein degradation system have
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Fig. 1. The phosphorylation sites and binding motifs of p21.

been suggested. In caspase digestion, cleavage at the
C-terminal Asp-112 by caspase3 during DNA damage
induced apoptosis was reported [12-14]. Involvement of
the ubiquitin-proteasome pathway has been demon-
strated by the stabilization of p21 by proteasome in-
hibitors and by the presence of ubiquitinated p21 [15—
18]. In support of the participation of the ubiquitin
proteasome, the SCF complex for p21 was observed in
p21 degradation [19]. In contrast, Sheaff et al. [20], using
a nonubiquitinated form of p21, demonstrated that the
direct ubiquitination of p2l is not required for its
turnover by the proteasome.

Nevertheless, since the ubiquitination and degrada-
tion of p21 by the proteasome system are evident, the
regulatory mechanism of ubiquitination needs to be
elucidated. Generally, ubiquitination is controlled by the
phosphorylation of a substrate protein [21]. Phospho-
rylation sites of p21 have been reported at Ser-98 and
Ser-130 by CDK [22], Thr-145 and Ser-146 by cAMP-
dependent protein kinase (PKA), and Ser-153 and Ser-
160 by protein kinase C (PKC) as indicated in Fig. 1 [23].

In this study, we investigated the critical regulatory
region required for the ubiquitination of p21. To ac-
complish this, C-terminal or N-terminal truncated frag-
ments of p21 were expressed in eukaryotic cells, and their
ubiquitination was examined.

Materials and methods

Generation of expression plasmids. The DNA fragments coding
truncated or deleted p21 fragments were propagated by PCR using a
p21 cDNA clone as a template [24]. The generated fragments were
inserted into either pcDNA3.1/His or pcDNA3.1/Myc-His vectors
(Invitrogen, CA), and transfected into JM109 according to manufac-
turer’s instruction. The transfectants were propagated and extracted as
described previously [25]. A portion of the plasmid DNA (3 pg) was
digested with six units of Sa/l restriction endonuclease for use in DNA
sequencing. Sequencing reactions were performed using the dide-
oxynucleotide termination method and the M13 universal primer
SCGACGTTGTAAAACGACGGCCAGT?3'. Results were analyzed
by an ALF sequencer (Pharmacia, Sweden) as described previously
[26]. The sequence obtained was compared with the p21 cDNA se-
quence to confirm that the correct clone is constructed. The p2l
K154R mutant was generated using a site-directed mutagenesis kit
(Clontech, CA).

Expression of truncated p21. The human cervix carcinoma cell line,
HeLa, and the human colon cancer cell line, DLD-1, from the Health
Science Research Resource Bank were used for expression of the
truncated p21 fragments. The cells were cultured in Dulbecco’s mod-
ified Eagle’s essential medium (DMEM) containing 10% fetal calf se-
rum (FCS) at 37 °C in a humidified 5% CO, incubator. Cells were
seeded at 1 x 10° cells in 10 cm diameter dishes, and passaged every
third day. Exponentially growing cells (2 x 107) were harvested, wa-
shed with ice-cold phosphate buffered saline (PBS), and then resus-
pended in 0.5 ml of DMEM without FCS on ice. Cell suspensions were
transferred to electroporation cuvettes (Bio Rad, CA) that were chilled
on ice. Supercoiled plasmid DNA (180 pg) was added to the cell
suspension, and the mixture was incubated on ice for 5 min. Electro-
poration was performed at 250 V with a 1000 pF capacitor. After
electroporation, the cuvette was placed on the ice for 10 min. Trans-
fected cells were diluted into 10 ml DMEM with 10% FCS, and cul-
tured at 37 °C in a humidified 5% CO, incubator for 48 h.

Protein extraction and Western blot analysis. A total of 2 x 107 cells
was harvested by trypsinization, washed with PBS, and then lysed in 4
ml of 6 M guanidium hydrochloride, 2 x 10> M sodium phosphate,
5x 10" M NaCl, pH 7.8. The lysate was homogenized by passing
through a 21-gauge needle four times. Approximately 200 pl of a 50%
slurry ProBond resin (Invitrogen) was added to the lysate, and the
mixture was rocked gently for 1 h. The resin was subjected to the
following series of washes: twice with 8 M urea, 2 x 107> M sodium
phosphate, and 5 x 10-! M sodium chloride, pH 7.8; twice with 8 M
urea, 2 x 1072 M sodium phosphate, and 5 x 10~! M sodium chloride,
pH 6.0; and twice with 8 M urea, 2 x 1072 M sodium phosphate, and
5 x 107" M sodium chloride, pH 5.3. After washing the resin, the re-
combinant protein was eluted using 8 M urea, 2 x 10> M sodium
phosphate, and 5 x 10! M sodium chloride, pH 4.0. The eluents were
dialyzed against 5 x 10~ M Tris, pH 8.0, and concentrated by vacuum
concentration. For Western blot analysis, 1% sodium dodecyl sulfate
(SDS), and 2.5% B-mercaptoethanol were added to the eluent, and the
mixture was heated for 5 min at 100 °C. The denatured samples were
subjected to 10-20% SDS-polyacrylamide gel electrophoresis using a
running buffer of 2.5 x 1072 M Tris-HCI, pH 8.3, 1.92 x 10~' M
glycine, 0.1% SDS. The gels were electroblotted (5 mA/cmZ, 2 h) onto
a polyvinylidene difluoride (PVDF) membrane (Bio Rad) in a transfer
buffer of 2.5 x 1072 M Tris-HCI, pH 8.3, 1.92 x 10~! M glycine, and
20% methanol. The membranes were incubated with 10% nonfat dry
milk in 1 x 1072 M Tris—-HCI, pH 8.3, 5 x 10~' M NaCl (TBS) for 1 h
at 25 °C, and then incubated with either anti-p21 rabbit polyclonal
antibody (1:200; H164, Santa Cruz Biotechnology, CA), anti-
Myc monoclonal antibody (1:1000; R950-25, Invitrogen), anti-Xpress
monoclonal antibody (1:1000; R910-25, Invitrogen), or anti-ubiquitin
monoclonal antibody (1:1000; FK2, Medical & Biological Laborato-
ries, Japan) diluted in TBS for 1 h at 25 °C. The blot was washed in
TBS with 0.05% Tween20 (TTBS) to remove the unbound antibody
and incubated with a biotinylated anti-rabbit IgG or biotinylated anti-
mouse IgG in TBS for 1 h at room temperature. The membrane was
again washed in TTBS and incubated in streptavidine-biotinylated
alkaline phosphatase complex. After washing thoroughly, nitroblue
tetrazolium chloride/5-bromo-4-chloro-3-indolyl-phosphate substrate
was used to visualize the bands.

Results
Construction of the C-terminal truncated fragments

In many of the ubiquitin-proteasome protein degra-
dation pathways, the recognition of the substrate pro-
tein by E3 ubiquitin ligase is regulated by the
phosphorylation of the substrate protein [21,27]. In the
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case of p2l, several serine or threonine residues have
been reported to be sites of phosphorylation. These sites
include the serine—proline motifs at Ser-98 and Ser-130
that are phosphorylated by CDKs [22], the Ser-146, Ser-
153, and Ser-160 that are phosphorylated by PKC, and
Thr-145 that is phosphorylated by PKA (Fig. 1) [23].
Therefore, we constructed C-terminal truncated frag-
ments with C-terminal Myc tags, named pMycl128, 147,
157, or 164, that delete each phosphorylation site in the
mammalian expression plasmid, pcDNA3.1/Myc-His
(Fig. 2A). In addition, we constructed C-terminal trun-
cated fragments with N-terminal Xpress tags, named
pXpress128, 147, 157, or 164, that delete each phos-
phorylation site in the mammalian expression plasmid,
pcDNA3.1/His (Fig. 3A).

Ubiquitination of C-terminal truncated p21 fragments

The expression plasmids, pMycl28, pMycld7,
pMycl57, and pMycl64, were transfected into DLD-1
or HeL a cells by electroporation. Recombinant proteins
were purified by immobilized metal affinity chromato-
graphy using ProBond resin. To confirm that the puri-
fied protein was the product of the transfected plasmid,
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Fig. 2. The ubiquitination of C-terminal tagged p21 C-terminal trun-
cated fragments. The constructions of Myc tagged C-terminal trun-
cated fragments are indicated in panel A. The DNA fragments
encoding the truncated fragments were cloned into pcDNA3.1/Myc-
His. For transient expression, 180 pg of supercoiled DNA was elec-
troporated into exponentially growing 2 x 107 DLD-1 or HeLa cells.
After 48 h cultivation, the cells were lysed in guanidine, and the re-
combinant proteins were purified by metal affinity choromatography
using ProBond. Concentrated purified proteins were applied to
Western blot analysis using anti-p21, anti-Myc, or anti-ubiquitin an-
tibodies. Expressions in DLD-1 cells are shown in panel B and HeLa
cells in panel C.
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Fig. 3. The ubiquitination of N-terminal tagged p21 C-terminal trun-
cated fragments. The constructions of Xpress tagged C-terminal
truncated fragments are indicated in panel A. The DNA fragments
encoding the truncated fragments were cloned into pcDNA3.1/His. For
transient expression, 180 pg of supercoiled DNA was electroporated
into exponentially growing 2 x 10’ DLD-1 cells. After 48 h cultivation,
the cells were lysed in guanidine and the recombinant proteins were
purified by metal affinity choromatography using ProBond. In panel B,
concentrated purified proteins were subjected to Western blot analysis
using anti-p21, anti-Myec, or anti-ubiquitin antibodies.

Western blot analysis of the recombinant proteins using
anti-p21 and anti-Myc antibodies was performed. All
the expression plasmids yielded protein products with
the expected molecular weights (Figs. 2B and C left and
center panels). In the purified protein of pMycl57 and
pMycl64 transfected cells, extra bands that reacted with
anti-p21 and anti-Myc tag were observed at 31-66 kDa.
To confirm that the extra bands represent ubiquitinated
p21 fragments, the same samples were blotted and
probed with anti-ubiquitin antibody FK2. The higher
molecular weight bands, indicated as *2 and *3, were
detected by anti-p21, anti-Myc, and anti-ubiquitin an-
tibodies. Since the anti-ubiquitin monoclonal antibody,
FK2, specifically recognizes the multi-ubiquitin chain
[28], the band detected with the anti-p21 antibody or the
anti-Myc tag antibody, indicated as “*1” in Figs. 2B and
C left and center panels that was considered a tagged
p21 fragment with a single ubiquitin molecule, was de-
tected as either a faint band or not detected at all with
the FK2 antibody. The patterns of Western blots ob-
tained in DLD-1 and HeLa cells were identical therefore
these observations did not depend on the cell type.
The structural modification by the presence of the
Myc tag at the C-terminal may affect the ubiquitination
of recombinant proteins. Therefore, we performed the
same analysis using N-terminal Xpress tag-truncated
p21 fragments (Fig. 3A). The results obtained using
DLD-1 cells are shown in Fig. 3. Xpressl64 and
Xpress157 showed higher molecular bands on the blot
probed by either anti-p21 antibody or anti-Xpress an-
tibody, indicated as *1 and *2 (Fig. 3B left and center).
Using the anti-ubiquitin antibody, bands *1 and *2 were
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detected. The same patterns were obtained when using
HelLa cells (data not shown). The result that the ubiq-
uitinated bands detected for pMyc157 and pMyc164 but
not for pMyc147 and pMyc128 indicates that the critical
element for ubiquitination locates in the 148—157 region.

The region (148-157) is indispensable for p2I1-ubiquiti-
nation

Since the 148-157 aa fragment includes a lysine resi-
due at 154, the loss of ubiquitination of the 1-147 frag-
ment may be due to the removal of the lysine residue as
the ubiquitination site. To identify whether Lys-154 is the
ubiquitination site, we constructed the Lys-154 to Arg
mutant, pMycK154R, using pMycl64 as a template and
examined its ubiquitination. pMycl64 or pMycK154R
was transfected into DLD-1 cells and the metal affinity
purified cell lysate was probed with anti-p21 antibody.
The higher molecular weight bands were detected in the
MycK154R lysate at levels similar to the wild type full-
length p21 in the Myc164 lysate (Fig. 4A), indicating that
Lys-154 is not the ubiquitination site. Next, to confirm
the significance of 148-157 region, we constructed the
148-157 deleted form of p21, MycAl148-157. After
transfection of pMycl47, pMycl57, or pMycA148-157
into DLD-1 cells, the presence of ubiquitinated products
was examined. As indicated in Fig. 4B, higher molecular
weight bands were observed only in Myc164, but not in
Mycl147 and MycA148-157. Thus, 148-157 region is an
indispensable regulatory region for ubiquitination.
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Fig. 4. The ubiquitination of the p21 K154R mutant or 148-157 de-
leted form of p21. (A) The construction of Lys-154 to Arg mutant of
Mycl64, MycK154R is indicated at the top. (B) The construction of
the 148-157 deleted form of p21, MycA148-157 is indicated at the top.
Each construct was transfected into exponentially growing 2 x 107
DLD-1 cells. After 48 h cultivation, the cells were lysed in guanidine
and the recombinant proteins were purified by metal affinity choro-
matography using ProBond. Concentrated purified proteins were
subjected to Western blot analysis using anti-p21 antibody.

Ubiquitination of N-terminal truncated p21 fragments

Lysine residues exist in p21 at 16, 75, 141, 154, 161,
and 163. To identify the lysine or the N-terminal
structure required for ubiquitination, we constructed
two N-terminal deletion fragments, a 20 aa-deletion
fragment (Xpress21C) and an 84 aa-deletion fragment
(Xpress85C) (Fig. 5A). On Western blots obtained after
metal affinity purification, anti-p21 and anti-Xpress tag
antibodies detected tagged p21 fragments and higher
molecular bands indicated as *1, *2, and *3 (Fig. 5B).
These higher molecular bands, *2 and *3, were detected
using the anti-ubiquitin antibody FK2 (Fig. 5B). When
Xpress85C was expressed in cells, only the tagged
truncated fragments were detected by anti-p21 or anti-
Xpress antibodies (Fig. 5C).

Discussion

Using the expression of C-terminal truncated p21
fragments, p21 K154R mutant, and the 148-157 deleted
form of p21 in vivo, we have demonstrated that the C-
terminal 148-157 aa region is required for the efficient
ubiquitination of p21.

The significance of the C-terminal region for the
ubiquitination of p21 has been demonstrated previously.
Cayrol and Ducommun [29] reported that the binding of
PCNA to the C-terminal region of p21 stabilized the p21
protein by inhibiting its ubiquitination. The region
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Fig. 5. The ubiquitination of N-terminal tagged p2l N-terminal
truncated fragments. The constructions of Xpress tagged N-terminal
truncated fragments are indicated in panel A. The DNA fragments
encoding the truncated fragments were cloned into pcDNA3.1/His.
For transient expression, 180 pg of supercoiled DNA was electropo-
rated into exponentially growing 2 x 107 DLD-1 cells. After 48 h
cultivation, the cells were lysed in guanidine, and the recombinant
proteins were purified by metal affinity choromatography using Pro-
Bond. In panel B, concentrated purified proteins were subjected to
Western blot analysis using anti-p21, anti-Myc, or anti-ubiquitin an-
tibodies.
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important in the binding of PCNA to p21 has been lo-
calized to 22 residues of the 139-160 aa peptide of the C-
terminus of p21 by crystallography [30].

There are several sites in the C-terminal region of p21
that are phosphorylated by either PKC or PKA (Fig. 1).
Most of the ubiquitination signal is attributed to the
phosphorylation of the target protein [21]. We demon-
strated that the 1-157 fragment was as efficiently ubiq-
uitinated as full-length p21, but that the 1-147 fragment
was not ubiquitinated, and that Lys-154 in the 148-157
fragment was not the ubiquitinated lysine residue. These
results suggest that the region between 148 and 157 aa is
an essential regulatory region for the ubiquitination of
p21.

Cayrol and Ducommun [29] reported that a p21
mutant deficient for the interaction of p21 with CDKs
displayed an enhanced stability and a greatly reduced
sensitivity to proteasome-mediated proteolysis, sug-
gesting that an association with cyclin—-CDK complexes
may trigger p21 degradation. According to these data,
phosphorylation by CDK is expected to be a ubiquiti-
nation signal. However, our present data indicate that
the CDK phosphorylation sites at Ser-98 or Ser-130 are
not essential regulatory sites for the ubiquitination of
p21.

Lysine residues have been identified at amino acid 16,
75, 141, 154, 161, and 163. In the present study, ubig-
uitination was observed in a 20 amino acid residue de-
letion at the N-terminus, but was not observed in an 84
amino acid deletion at N-terminus. In turn, efficient
ubiquitination was observed in the 1-157 aa fragment.
These results suggest that the N-terminal structure
formed by 1-84 aa is essential for efficient ubiquitina-
tion.

In the present data, the 1-147 aa fragment was not
ubiquitinated, however, the ubiquitination of 1-82 aa
was reported previously [31]. The difference between
their conditions and ours is the origin of ubiquitin. In
our experiments, we used the endogenous ubiquitin,
while they used a forced expressed His-tagged ubiquitin.
In our experimental conditions, the level of ubiquitina-
tion may be lower than that reported by Rousseau et al.
[31].

The inhibiting effects on the cell cycle by DNA
damage have been demonstrated as an arrest at the G1-
S checkpoint and as a retardation of S phase progres-
sion. Ogryzko et al. [32] reported that p21 retards S
phase progression through the inhibition of cyclin A or
E. It was evident that p21 forms quaternary complexes
with cyclinA, CDK2, and PCNA [22,33]. Further,
phosphorylation of C-terminal regulatory region of p21
inhibits the PCNA-p21 binding [23]. Our result, to-
gether with others, suggests that the association of DNA
damage and p21 is as follows. DNA damage inactivates
a molecular species of PKC or dephosphorylates p21.
PCNA binds to the dephosphorylated p21 to stabilize it

by inhibiting ubiquitination. The retarded S phase
caused by the stabilization of p21 may provide the oc-
casion to repair damaged DNAs.
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