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ABSTRACT: Multiple proteolytic pathways are involved in the degradation of the cyclin-dependent kinase
inhibitor p21Cip1/WAF1. Timed destruction of p21Cip1/WAF1 plays a critical role in cell-cycle progression and
cellular response to DNA damage. The SCFSkp2 complex (consisting of Rbx1, Cul1, Skp1, and Skp2) is
one of the E3 ubiquitin ligases involved in ubiquitination of p21Cip1/WAF1. Little is known about how
SCFSkp2 recruits its substrates and selects particular acceptor lysine residues for ubiquitination. In this
study, we investigated the requirements for SCFSkp2 recognition of p21Cip1/WAF1 and lysine residues that
are ubiquitinatedin Vitro and inside cells. We demonstrate that ubiquitination of p21Cip1/WAF1 requires a
functional interaction between p21Cip1/WAF1 and the cyclin E-Cdk2 complex. Mutation of both the cyclin
E recruitment motif (RXL) and the Cdk2-binding motif (FNF) at the N terminus of p21Cip1/WAF1 abolishes
its ubiquitination by SCFSkp2, while mutation of either motif alone has minimal effects, suggesting either
contact is sufficient for substrate recruitment. Thus, SCFSkp2 appears to recognize a trimeric complex
consisting of cyclin E-Cdk2-p21Cip1/WAF1. Furthermore, we show that p21Cip1/WAF1 can be ubiquitinated
at four distinct lysine residues located in the carboxyl-terminal region but not two other lysine residues
in the N-terminal region. Any one of these four lysine residues can be targeted for ubiquitination in the
absence of the othersin Vitro, and three of these four lysine residues are also ubiquitinatedin ViVo,
suggesting that there is limited specificity in the selection of ubiquitination sites. Interestingly, mutation
of the carboxyl-terminal proline to lysine enables ubiquitin conjugation at the carboxyl terminus of the
substrate bothin Vitro and in ViVo. Thus, our results highlight a unique property of the ubiquitination
enzymatic reaction in that substrate ubiquitination site selection can be remarkably diverse and occur in
distinct spatial areas.

The cyclin-dependent kinase inhibitor p21Cip1/WAF1 (referred
to as p21 hereafter)1 is an important regulator of cell-cycle
progression, cellular responses to DNA damage, cell migra-
tion, and apoptosis (1, 2). Originally identified as a protein
interacting with cyclin-dependent kinase 2 (Cdk2) and as a
component of a multiprotein complex consisting of cyclin-
Cdk-PCNA, p21 is a potent inhibitor of cyclin E-Cdk2
kinase and a negative regulator of DNA synthesis (3, 4).
The ability of p21 to associate with key cell-cycle regulators
makes it an ideal sensor for external signals. Indeed, the
expression levels of p21 are highly modulated in response
to extracellular stimuli by both transcriptional and post-
transcriptional mechanisms (2). For example, p21 is a
transcriptional target of the tumor suppressor p53. p53
activation following ionizing radiation triggers rapid up-

regulation of the p21 transcript and accumulation of the p21
protein to shut down cell-cycle progression (5, 6).

Steady-state levels of the p21 protein also depend upon
its metabolic stability, and p21 undergoes rapid turnover in
a variety of experimental settings. Both ubiquitin-dependent
and ubiquitin-independent, proteasome-mediated degradation
pathways have been implicated in p21 proteolysis (7, 8).
Polyubiquitinated p21 conjugates accumulate when cells are
treated with proteasome inhibitors, implying a critical role
for ubiquitin conjugation in p21 proteolysis (7). However, a
p21 mutant devoid of lysine residues cannot be ubiquitinated;
however, it is still rapidly degraded by the proteasome (7-
9). The unstable nature of the lysine-less p21 mutant has
been attributed to a direct physical interaction with the
proteasome (7-9). A more recent study suggests that
degradation of lysine-less p21 can occur through polyubiq-
uitination at the N-terminal-free amino group of the substrate,
suggesting yet another alternative pathway for p21 degrada-
tion (9). Therefore, it appears that multiple degradation
systems are involved in controlling p21 stability.

The SCFSkp2ubiquitin E3 ligase mediates p21 degradation
at the G1/S phase transition and in response to low doses of
UV irradiation (10-12). Metabolic stability of p21 increases
dramatically in Skp2-deficient mouse fibroblast cells (11).
After low doses of UV exposure, p21 degradation accelerates
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and ubiquitinated p21 intermediates accumulate when these
cells are treated with the proteasome inhibitor LLnL.
Importantly, UV-induced degradation of p21 does not occur
in Skp2-deficient MEF cells (10), indicating that SCFSkp2 is
likely involved in p21 ubiquitination in response to UV
damage. It has been proposed that p21 elimination is essential
for optimal DNA repair (10).

How E3 ubiquitin ligases recognize their substrates and
catalyze ubiquitin conjugation to specific lysine acceptor
residues are outstanding questions in elucidating the mech-
anism of protein ubiquitination. In the case of the SCF E3
complex, phosphorylation of protein substrates appears to
play a major role in regulating the E3-substrate interaction.
For example, ubiquitination of the cell-cycle inhibitor protein
p27Kip1 by SCFSkp2 requires its phosphorylation at T187 by
cyclin E-Cdk2 kinase (13-15). Similarly, phosphorylation
of cyclin E by Cdk2 is essential for its ubiquitination by
SCFCdc4 (16, 17). However, not all SCF substrates require
phosphorylation to interact with the E3 complex. Phospho-
rylation is dispensable for p21 recognition and subsequent
ubiquitination by SCFSkp2 in Vitro (11), but the signal for
p21 recognition by SCFSkp2 and subsequent ubiquitination
has yet to be defined.

In this study, we reconstituted a p21 ubiquitination system
using purified proteins to address the requirement for SCFSkp2

to ubiquitinate p21 and assess which lysine residues are
selected for ubiquitination by the SCFSkp2 complex. Our
results indicate that the p21-cyclin E-Cdk2 interaction is
obligatory for ubiquitination and that diverse lysine residues
in p21 can be selected for ubiquitin conjugation.

MATERIALS AND METHODS

DNA Expression Constructs and Recombinant Proteins.
The human p21 expression vectors pCS2-p21, pCS-p21K6R,
and pCS2-(His)6-ubiquitin have been described previously
(7). All p21 point mutations were made using the Quikchange
site-specific mutagenesis kit (Stratagene) and confirmed by
DNA sequencing. Recombinant Cks1 and E2-Cdc34 pro-
teins were purified as described previously (18). Ubiquitin-
activating enzyme E1 was purchased from Calbiochem or
purified from insect cells. Recombinant baculoviruses ex-
pressing GST-cyclin E and Cdk2 were kindly provided by
Dr. Wade Harper (Harvard Medical School). Catalytically
inactive Cdk2m mutant was a gift of Dr. David Morgan
(UCSF).

Binding Assays.Wild type and p21 mutants were synthe-
sized and labeled with [35S]Met using a TNT in Vitro
translation kit (Promega). Binding assays were performed
by incubating 10µL of radiolabeled p21 or p21 mutants with
1 µg of GST-cyclin E-Cdk2 prepared from insect cells in
0.5 mL of NETN buffer (20 mM Tris-HCl at pH 8.0, 1 mM
EDTA, 150 mM NaCl, and 0.5% NP40) at 4°C for 0.5 h.
GST beads were added to the mixture and incubated for 30
min. The beads were collected by brief centrifugation and
washed 3 times with 0.5 mL NETN buffer. Proteins bound
to the beads were eluted by boiling in 2× SDS sample buffer
and analyzed by SDS-PAGE, followed by visualization of
the result by Phosphorimaging.

In Vitro Ubiquitination Assay.The SCFSkp2-mediated p21
ubiquitination reaction was performed in a test tube contain-
ing 250 ng of recombinant E1 (Calbiochem), 0.1µg of cyclin

E-Cdk2 complex purified from insect cells, 3µg of 6× His-
Cdc34, 1µg of ubiquitin, 120µM methylated ubiquitin (Me-
Ub) (BostonBiochem), 1µM ubiquitin aldehyde (Boston-
Biochem), 5µg of SCFSkp2 complex, 0.1 mM MG-132, 2.5
µL of 20× ER (10 mM ATP, 20 mM HEPES at pH 7.4, 10
mM MgOAc, 300 mM creatine phosphate, and 0.5 mg/mL
creatine phosphokinase), and 1µg of Cks1 in a final volume
of 20 µL. The reaction was incubated at 30°C for 2 h. The
reaction was terminated by adding 2× SDS sample buffer
and boiled for 5 min before electrophoresis and phospho-
rimaging analysis.

Cell Culture, Transfections, and Antibodies.Human 293
cells were grown in DMEM and transfected as described
previously (7). MG-132 (Calbiochem) andâ-lactone (Cal-
biochem) were dissolved in DMSO. Approximately 24 h after
transfection, cells were treated with inhibitors overnight (2
µM MG-132 and 10µM â-lactone). Cells were lysed in
RIPA buffer (10 mM Tris at pH 7.4, 0.15 M NaCl, 1% NP-
40, 1% deoxycholate, 0.1% SDS, 10 g/mL each of aprotonin,
leupeptin, and pepstatin, 50 mM NaF, and 1 mM Na
vanadate), followed by scraping, sonication, and clarification
by centrifugation. Wild-type and mutant p21 were cotrans-
fected with His-Ub in 293 cells. Expression of p21 was
detected by immunoblotting with a monoclonal anti-p21
antibody (Transduction Labs). Ubiquitinated p21 was purified
with Ni-NTA agarose beads, eluted, and detected by immu-
noblotting with an anti-p21 antibody.

RESULTS

SCFSkp2 Can Catalyze Ubiquitination of Four Lysine
Residues in the Carboxyl Terminus of p21.Recent studies
have shown that ubiquitination of p21 can be reconstituted
in Vitro using the recombinant or purified E1, E2 (Cdc34 or
UbcH5), and SCFSkp2 complex in the presence of cyclin
E-Cdk2 and Cks1 (11). In this study, we wished to further
explore the requirement for SCFSkp2 to ubiquitinate p21 and
identify which lysines in p21 are targeted for ubiquitin
conjugation. There are six lysine residues in p21 and two
well-characterized cyclin- and Cdk2-binding motifs (Figure
1A). We have purified all of the components required for
p21 ubiquitination and reconstituted the reaction in a cell-
free system. Consistent with previous observations, p21
ubiquitination requires Cks1 and cyclin E-Cdk2 in addition
to E1, E2, and E3 enzymes (Figure 1B). In the absence of
Me-Ub, which prevents assembly of polyubiquitin chains,
the labeled p21 substrate was reduced upon incubation with
the E1, E2, and E3 complex in the presence of wild-type
ubiquitin and high molecular weight, smeared labeled bands,
which likely represent polyubiquitinated p21 (Figure 1B).
When Me-Ub is included in the reaction mixture, we
consistently observe four slower migrating bands on the gel
(Figure 1B). The size of these bands is consistent with p21
mono-ubiquitinated at multiple sites. Two slower migrating
bands close in size to input p21 are likely to be the
phosphorylated forms, because these two bands are absent
when cyclin E-Cdk2 was omitted from the reaction mixture
(compare lane 5 versus the rest of lanes in Figure 1B). The
appearance of these two bands also depends upon the kinase
activity of Cdk2, because they were absent when p21 was
incubated with the catalytically inactive kinase complex
(Figure 7C). It is also interesting to note that Cks1 stimulates
p21 phosphorylation by cyclin E-Cdk2 (compare lane 4
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versus 6 in Figure 1B), consistent with previous observations
(19). The intensity of these two bands was significantly de-
creased when the kinase reaction mixture or ubiquitination
reaction mixture was treated with alkaline phosphatase prior
to electrophoresis, providing additional support for the iden-
tity of these bands being phosphorylated forms of p21 (com-
pare lane 2 versus 3 and 4 versus 5 in Figure 1D). If the
four high molecular weight bands correspond to ubiquitin-
conjugated p21, then a p21 mutant devoid of lysine residues
should not generate slower migrating bands. As expected,
the four major bands present in wild-type p21 are missing in
a lysine-less mutant of p21(p21K6R) (Figure 1C). The faint
band comigrating with the mono-ubiquitinated p21 is also pres-
ent in the input p21 substrate and reactions without SCFSkp2,
suggesting that it is SCFSkp2-independent. This band could be

either a nonspecific contaminating protein from thein Vitro
translation reaction or N-terminal ubiquitinated p21, in light
of a recent study suggesting that N-terminal ubiquitination
activity is present in the rabbit reticulocyte lysates (9). Be-
cause Me-Ub was included in the reactions to generate mono-
ubiquitinated species, the presence of multiple bands suggests
that SCF is targeting multiple lysine residues on the same
p21 molecule. To determine which of the six lysine residues
in p21 can serve as the ubiquitin acceptor during conjugation,
an array of p21 mutants with only one lysine residue was
constructed. As shown in Figure 2A, only four of six lysine
residues are capable of serving as ubiquitin acceptor sites.
No ubiquitination is observed for the p21 substrate harboring
K16 or K75 alone. Failure of ubiquitination does not appear
to be a consequence of mutant p21 misfolding because they

FIGURE 1: Ubiquitination of p21in Vitro. (A) Functional motifs and locations of lysine residues in p21. The cyclin E (RXL) and CDK2
(FNF) binding motifs are indicated by the line shown on the top. p21 contains six lysine residues located at positions shown in bold and
underscored. (B) Ubiquitination of four lysine residues in p21 by SCFSkp2. Recombinant WT and lysine-less (p21K6R) p21 were labeled
with [35S]Met by in Vitro translation and incubated with or without cyclin E-Cdk2 or Cks1 prior to the ubiquitination reaction. The
ubiquitination reaction was performed by adding recombinant E1, E2 (Cdc34), ATP, energy regeneration system, ubiquitin, and methylated
ubiquitin in a reaction mixture as described in the Materials and Methods. (C)In Vitro ubiquitination of lysine-less p21. The reaction is
identical to B, except the p21K6R mutant was used as the substrate. (*) The faint band present in p21K6R, similar to the size of mono-
ubiquitinated p21, is either a nonspecific background contamination or N-terminal ubiquitinated p21 because this band also exists in labeled
protein alone without adding the reaction mixture. (D) Alkaline phosphatase treatment reduces the amounts of phosphorylated p21. Alkaline
phosphatase was added to the reaction mixture containing labeled p21 after incubation with cyclin E-Cdk2 or cyclin E-Cdk2 plus the
ubiquitination reaction mixture.
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all still bind cyclin E-Cdk2 (Figure 2B). Therefore, our data
suggest that not all of the p21 lysine residues are targeted
for ubiquitination. There is limited specificity in selecting
the acceptor lysine residues by SCFSkp2.

The above experiments clearly establish that four of the
six p21 lysine residues can serve as acceptors for ubiquitin.
However, one question still remains as to whether polyubiq-
uitin chains can be assembled on any of the four lysine
residues because Me-Ub was included in our reaction to
suppress polyubiquitin chain formation. To determine whether
any of the four lysine acceptors can be polyubiquitinated,
Me-Ub was left out from the reactions. As shown in Figure
3, in the absence of methylated ubiquitin, mono-ubiquitin
conjugates disappeared and were converted to high molecular
weight polyubiquitinated conjugates. From this experiment,
we concluded that SCFSkp2 can catalyze polyubiquitin
conjugation to any one of the four lysine residues at the
carboxyl-terminal region of p21in Vitro.

Ubiquitination of Multiple p21 Lysine Residues by SCFSkp2.
To further investigate whether bands observed in the p21
ubiquitination reaction were a result of mono-ubiquitinating
multiple lysine residues, we constructed p21 mutants with
different combinations of lysine residues (Figure 4A). Our
expectation was that the number of species of conjugated

p21 should be the same as the number of lysine residues
regardless of the exact combination if multiple lysine residues
were simultaneously ubiquitinated. Indeed, this is exactly
what we observed. Ubiquitination of p21R4K141K154 and
p21R4K161K163 yielded two conjugated bands, whereas
three bands were observed for p21R3K141K154K161 and
p21R3K141K154K163 (Figure 4B). The intensity and pattern
of conjugated bands were essentially the same as wild-type
p21. All of the p21 mutants shown here also undergo
polyubiquitination when Me-Ub is omitted from the reaction.
Interestingly, K161 and K163 are only separated by one
amino acid residue, and K163 is the next to last amino acid
in p21 (Figure 1A). Both residues were conjugated to
ubiquitins in the presence of SCFSkp2. Therefore, physical
proximity does not appear to prevent them both from being
selected as ubiquitin acceptors. As expected, none of these
p21 mutants is likely to be misfolded because all of them
bind to cyclin E-Cdk2 as efficiently as the wild-type p21
(Figure 4C). The time course of p21 ubiquitination was also
investigated. Shown in Figure 4D, ubiquitination of p21
appears to be stepwise in a time-dependent manner. When
our results are taken together, they indicate that SCFSkp2can
promote ubiquitination of multiple lysine residues in p21.

FIGURE 2: Ubiquitination of four of six lysine residues in p21in Vitro. (A) Wild-type p21, p21K6R, and p21 mutants containing single
lysines were synthesized usingin Vitro translation, and their ubiquitination reactions were performed as described. (B) p21 mutants with
a single lysine are still capable of binding to the cyclin E-Cdk2 complex. Recombinant p21 and p21 mutants were labeled with [35S]Met
and incubated with 2µg of recombinant GST-cyclin E-Cdk2 purified from insect cells. Binding assays were performed, and p21 proteins
bound to the GST-cyclin E-Cdk2 complex were analyzed by SDS-PAGE. The 10% input [35S]Met-labeled p21 proteins were loaded on
the gel as indicated.

FIGURE 3: Polyubiquitination of p21 single-lysine mutants. Recombinant WT and mutant p21 were subjected to ubiquitination reactions by
SCFSkp2 in conjugation with cyclin E-Cdk2 and Cks1 in the presence or absence of 120µM Me-Ub or Ub for 2 h and analyzed by
SDS-PAGE and phosphorimaging.
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Selection of ubiquitination sites does not appear to be
ordered.

Ubiquitination Site Selection in Cultured Cells.Our in
Vitro ubiquitination data suggest that any one of the four
lysine residues in the carboxyl terminal region of p21 can
be targeted for ubiquitination. We have previously demon-
strated that ubiquitinated endogenous p21 is difficult to detect
because of the rapid removal of the ubiquitin chain, but
exogenously expressed p21 showed a similar metabolic
stability because the endogenous and exogenous expressed

p21-ubiquitin conjugates were readily detectable (7). To
demonstrate that these lysine residues are ubiquitinated in
cells, we transfected the wild-type p21, the lysine-less p21
mutant (p21K6R), or p21 mutants containing only a single-
lysine residue along with His-tagged ubiquitin (His-Ub) into
293 cells. The transfected cells were treated with proteasome
inhibitor MG132 for 12 h. As reported previously, protea-
some inhibition leads to the accumulation of mono- or
polyubiquitinated p21 intermediates (7). Such intermediates
are absent in the lysine-less p21 mutant (p21K6R), indicating

FIGURE 4: Selection of acceptor lysine residues in p21 for ubiquitination. (A) Schematic diagram of p21 mutants with the presence of
various combinations of lysine residues in the indicated positions. (B) Analysis of ubiquitination patterns of p21 mutants with two or three
lysine residues. p21 mutants indicated in A were incubated with the ubiquitination reaction mixture in the presence or absence of 120µM
Me-Ub and analyzed by SDS-PAGE. (C) Each of the p21 mutants was assayed for its ability to bind the cyclin E-Cdk2 complex. Binding
assays were performed as described in Figure 2. (D) Time course of p21 ubiquitinationin Vitro.
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that the nature of these intermediates are related to ubiq-
uitination of certain internal lysine residues of p21 (lane 2
in Figure 5A). Notably, the ubiquitination patterns of p21
mutants containing a single lysine residue at position 141,
161, or 163 are similar to the wild-type p21, except for a
decrease in the levels of the mono-ubiquitinated form.
Ubiquitination of p21R5K154 is barely detectable, suggesting
that this site is not the predominant lysine targeted for
ubiquitinationin ViVo. To further prove that high molecular
weight intermediates detected by the p21 antibody are indeed
ubiquitinated p21, we purified His-ubiquitinated products
using a Ni-NTA affinity column. Eluates from the column
were subjected to SDS-PAGE, and Western blot analysis
was performed using an anti-p21 antibody. As shown in
Figure 5B, His-Ub conjugates were efficiently recovered for
the wild type, p21R5K141, and p21R5K163 but not for
p21R5K161, for which only high molecular weight products
were recovered. As expected, little His-Ub conjugates were
recovered for p21R5K154, consistent with our interpretation
that this site is poorly selectedin ViVo. It is interesting to
note that the p21 ubiquitination pattern as determined by the
direct immunoblotting analysis of p21 is slightly different
from the one in the His-Ub conjugates. It is very likely that
endogenous ubiquitin could incorporate along with the
exogenous His-Ub. Differences in the p21 ubiquitination
pattern in Ni-NTA-purified conjugates could come from
variations in the relative ratio of these two ubiquitin species
in the transfected cells. The efficiency of ubiquitin conjuga-
tion to these three lysine residues inside cells may vary, but

our data do suggest that three of the four lysine residues
identified in ourin Vitro studies appear to be also targeted
for ubiquitinationin ViVo.

Polyubiquitin chains assembled through lysine 48 of
ubiquitin on protein substrates invariably act as the signal
for targeting substrates to 26S proteasomes for degradation
(20). To determine stability of p21 mutants in cells in the
presence of the SCF complex and cyclin E-Cdk2 complex,
we measured the decay of p21 and p21 mutants in 293 cells
following cycloheximide treatment. In the absence of the SCF
complex, the half-life of wild-type p21 exceeds 90 min in
the absence or presence of the cyclin E-Cdk2 complex
(lanes 1-8 in Figure 5C). Overexpression of the SCF
complex significantly shortened the half-life of p21 to less
than 30 min. Thus, SCF promotes degradation of wild-type
p21 in this assay. In contrast, the lysine-less p21 mutant
(p21K6R) is refractory to SCF and remains stable throughout
the indicated time of treatment (lanes 1-4 in Figure 5D).
The decay pattern of p21R5K141 is reminiscent of that of
wild-type p21, suggesting that lysine 141 is probably
responsible for SCF-mediated p21 destruction. Destabiliza-
tion of p21R5K154 is also observed in the presence of SCF
and the cyclin E-Cdk2 complex (compare lanes 9-12 in
Figure 5D versus lanes 5-8 in Figure 5C) but to a much
lesser degree than p21R5K141, suggesting that lysine 154 is
less efficient in SCF-mediated degradation, which is con-
sistent with poor ubiquitination at this site observed in cells
(parts A and B of Figure 5). Unexpectedly, p21R4K161K163

was very stable in the presence of the SCF complex (lanes

FIGURE 5: Ubiquitination and degradation pattern of p21 in human 293 cells. p21 expression constructs were cotransfected with His-Ub
into H293 cells, and cells were harvested 36 h later. (A) Western blot with an antibody against p21 shows native and ubiquitinated forms
of wild-type p21, p21R5K141, p21R5K161, p21R5K154, and p21R5K163. Whereas p21K6R is not ubiquitinated, ubiquitination of p21R5K141

was very low or undetectable. p21R5K161 was partially ubiquitinated. (B) His-ubiquitinated products in cell extracts were purified by a
Ni-NTA affinity column. His-Ub products were eluted from the column and separated by SDS-PAGE, and Western blot was performed
against p21. Only WTp21, p21R5K141, p21R5K161, and p21R5K163 was detected after purification of His-Ub. (C) Destabilization of p21 by
SCFSkp2 in 293 cells. Myc-tagged wild-type p21 was transfected alone or in combination with cyclin E-Cdk2, Skp2, Skp1, Cul1, Rbx1,
Cks1, and Cdc34 in 293 cells. A total of 24 h after transfection, cells were split and treated with cycloheximde (10µg/mL) for indicated
times before harvesting. Cell lysates were analyzed by immunoblotting with an anti-Myc antibody. As a loading control,â-tubulin was also
blotted using an anti-â-tubulin antibody. (D) Stability analysis of p21 mutants using a cycloheximde chase experiment. The lysine-less p21
(p21K6R) is stable in the presence of the SCF complex. Myc-p21R5K141 and Myc-p21R5K154 are destabilized by SCF when compared to
p21K6R, whereas Myc-p21R4K161K163 is not.
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13-16 in Figure 5D), given that ubiquitin was found to be
conjugated at these two lysines in 293 cells (parts A and B
of Figure 5). Considering that the carboxyl terminal region
of p21 has been shown to be involved in binding to other
cellular proteins such as PCNA (21, 22), one plausible
interpretation for this result is that polyubiquitination at those
sites is not very efficient or processive because of these
interactions. When our results are taken together, they suggest
that the four lysine residues targeted by SCF for ubiquiti-
nation in Vitro can also be ubiquitinatedin ViVo but at
variable efficiencies. Other cellular factors may also influence
ubiquitin site selectionin ViVo.

Ubiquitination of a Carboxyl-Terminal Lysine Residue
Introduced into p21.Because multiple lysines in the C
terminus can be ubiquitinated, we considered the possibility
that their general location in the polypeptide chain rather
than exact position was important. Ubiquitination has been
shown to occur at the internal lysine residues or the N
terminus of the protein (9). It is thus of considerable interest
to test whether a C-terminus lysine residue can be targeted
to ubiquitin conjugation. The carboxyl-terminal residue in
p21 is a proline. We changed this proline to a lysine in the
background of the p21 lysine-less mutant (p21R6K164)
(Figure 6A). Shown in Figure 6B, whereas ubiquitination
of the wild-type p21 yielded four bands corresponding to
four ubiquitin chains attached to the four individual lysine
residues in p21, ubiquitination of p21R6K164, which contains
a single-lysine residue at the carboxyl terminus of p21
without any internal lysine residues, yielded only a single
band corresponding to the size of mono-ubiquitinated p21.
Note that p21R6K164 is as efficiently ubiquitinated as any
of the p21 mutants containing a single-lysine residuein Vitro.
To determine if p21R6K164 can be targeted to ubiquitination

in ViVo, this mutant was expressed in 293 cells along with
His-Ub by transient transfection. Transfected cells were
treated with or without MG-132, and lysates were immu-
noblotted with p21 antibody. Proteasome inhibitor treatment
leads to an increase in the steady levels of p21R6K164,
suggesting that the stability of this p21 mutant is also subject
to proteasome regulation. The pattern of the high molecular
weight intermediates accumulated in the presence of the
proteasome inhibitor is identical to the wild-type p21 and
other p21 mutants shown in Figure 5A. This result suggests
that ubiquitination can occur at the carboxyl-terminal amino
acid residue if it is lysine.

Requirement of Cyclin E or Cdk2 Association for p21
Ubiquitination. A previous study suggested that ubiquitin-
independent degradation of p21 occurs via a C-terminal
degradation signal that directly interacts with the C8 subunit
of the 20S proteasome (8). However, the ubiquitin-mediated
degradation signal in p21 remains poorly defined. The
interaction between p21 and Cdk2 appears to be important
for p21 degradationin ViVo andin Vitro (8, 11). We set out
to address whether the p21 interaction with the cyclin
E-Cdk2 complex is required for its ubiquitination by
SCFSkp2. Sequence alignment of p21 and p27 revealed that
there are Cdk2-binding and cyclin E-binding motifs in the
N terminus of p21 (14) (Figure 1A). The putative cyclin
E-binding motif (RXL) and Cdk2-binding motif (FNF) in
p21 were mutated by site-directed mutagenesis. A double
mutant in which both motifs were altered was also con-
structed. Mutation of only one of the two motifs has little
effect on p21 ubiquitination, although there is a decrease in
triple or quadruple conjugates when the Cdk2-binding site
was altered. Neither of these mutations affects the phospho-
rylation of p21 by cyclin E-Cdk2, suggesting that the

FIGURE 6: Ubiquitination of the carboxyl terminal lysine residue introduced into p21. (A) Schematic diagram of the p21 mutant in which
P164 was substituted by a lysine residue. (B) Analysis of ubiquitination patterns of p21P164K mutants. Both the wild type and p21 mutant
were incubated with the ubiquitination reaction mixture in the presence or absence of 120µM Me-Ub and analyzed by SDS-PAGE as
described in the Materials and Methods. (C) Ubiquitination of p21P164K in cells. p21P164K was cotransfected with His-Ub into H293
cells and incubated in the presence or absence of MG-132 prior to harvesting. Western blot analysis was performed with an antibody
against p21.
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presence of either of the two motifs is sufficient to promote
p21 phosphorylation and ubiquitination by SCFSkp2 (Figure
7A). However, when both of these two motifs were mutated,
p21 failed to undergo ubiquitination in the presence of
SCFSkp2. To demonstrate that mutation of these two motifs
affects p21 association with the cyclin E-Cdk2 complex,
binding assays were performed using purified cyclin E-Cdk2
andin Vitro translated p21 mutants. Mutation of either motif
alone reduced the binding between p21 and the cyclin
E-Cdk2 complex (compare lanes 4 and 6 versus 2 in Figure
7B). Association between p21 and cyclin E-Cdk2 was
completely disrupted in p21 double mutants. Interestingly,
the p21 double mutant is unable to be phosphorylated by
cyclin E-Cdk2 (lane 8 in Figure 7A), suggesting that
association between p21 and the cyclin E-Cdk2 complex
is essential for substrate phosphorylation. Importantly, ubiq-
uitination of the p21 double mutant was severely impaired
(lane 8 in Figure 7A). Failure of p21 ubiquitination could
have also been caused by the deficiency in p21 phosphory-
lation. To determine if p21 phosphorylation by cyclin
E-Cdk2 is required for its ubiquitination by SCFSkp2, we
performed anin Vitro p21 ubiquitination assay using the
active and catalytically inactive cyclin E-Cdk2 complex
(cyclin E-Cdk2m). As shown in Figure 7C, although there
is no obvious phosphorylation of p21 in the presence of

cyclin E-Cdk2m judging by the absence of the phospho-
p21 band present in the active cyclin E-Cdk2 (lane 2 versus
3 in Figure 7C), substrate ubiquitination was identical under
either condition. Thus, phosphorylation of p21 is not obliga-
tory for its ubiquitination, and p21 association with either
Cdk2 or cyclin E is required for recognition by SCFSkp2.

To determine whether association between cyclin E or
Cdk2 and p21 is also important for SCF-mediated p21
destabilization in cells, p21 or p21 mutants defective in
binding cyclin E, Cdk2, or both were cotransfected with or
without the SCF complex in 293 cells. As shown in Figure
7D, overexpression of SCF causes a significant decrease in
the levels of wild-type p21 (lane 1 versus 2 in Figure 7D).
Reduction in the levels of p21 was impaired when the cyclin
E- or Cdk2-binding sites were mutated in p21 (lane 3 versus
4 and lane 5 versus 6 in Figure 7D). There is little decrease
in p21 expression when both binding sites were altered (lane
7 versus 8 in Figure 7D). Therefore, these results (Figure
7D) indicate that mutation of the CDK-binding site alone or
in combination with the N-terminal cyclin E site prevents
SCFSkp2-mediated p21 elimination in cultured cells.

DISCUSSION

The biological activity of p21 depends upon its expression
levels. Because p21 is an unstable proteinin ViVo, post-

FIGURE 7: p21 ubiquitination requires stable association with either Cdk2 or cyclin E. (A) p21 mutants that are defective in cyclin E bind-
ing (p21CycEO), in Cdk2 binding (Cdk2KO), or in association with both (p21EKO) were constructed by mutating the cyclin E- and Cdk2-
binding motifs indicated in Figure 1. Each mutant wasin Vitro translated and assayed for its ability to undergo ubiquitination by the SCF com-
plex. (B) Association of p21 and p21 cyclin E- and Cdk2-binding motif mutants with GST-cyclin E-Cdk2. (C) Physical association but not
kinase activity of cyclin E-Cdk2 is required for promoting p21 ubiquitination. Ubiquitination of p21 in the presence of catalytically inactive
cyclin E-Cdk2m in Vitro. (D) Destabilization of p21 by SCF requires physical contact with cyclin E-Cdk2 in cells. Wild type and p21 mutants
deficient in cyclin E binding (p21CycEO), Cdk2 binding (Cdk2O), or both (p21EKO) were overexpressed in 293 cells along with cyclin
E in the absence or presence of SCF components (Skp1, Skp2, Cul1, and Rbx1), plus Cdc34 and Cks1 by transient transfection. Levels of p21,
cyclin E, Cks1, and Cdc34 were determined by immunoblotting with respective antibodies.â-Tubulin levels were used as loading controls.
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translational regulatory mechanisms play important roles in
determining its steady-state levels under a variety of physi-
ological settings. Both ubiquitin-dependent and ubiquitin-
independent pathways have been implicated in regulating the
stability of p21. Here, we studied mechanisms of p21
ubiquitination by SCFSkp2. Our results indicate that there is
limited specificity in selecting interior lysine residues for
ubiquitination by SCFSkp2. Only four of six lysine residues
are targeted for ubiquitinationin Vitro, and three of these
four are the predominant ubiquitination sitesin ViVo. Multiple
lysine residues in a single p21 monomer can be selected to
be ubiquitinated. In addition, SCF can catalyze ubiquitin
transfer to the carboxyl terminal lysine if there is one
available. The cyclin E-binding and Cdk2-binding motifs
located at the N terminus of p21 are required for targeting it
to the SCFSkp2.

Ubiquitination occurs almost exclusively at theε-amino
group of lysine residues, although the N-terminal-free amino
group has been shown to be the site of ubiquitination for a
few substrates (23). The rules for ubiquitination site selection
are less well-defined. Evidence accumulated from studies
of a number of substrates indicates that any single lysine
residue is rarely essential for substrate ubiquitination and
degradation (24-26). Mutation of a given lysine residue
often results in selection of alternative ones. Multiple lysine
residues need to be mutated to prevent substrate ubiquiti-
nation and degradation (27-31). This implies that either
multiple lysines are capable of being ubiquitinated or
selection of an alternative ubiquitination site when the
predominant ubiquitination site was mutated. Our results with
p21 ubiquitination support the notion that ubiquitination can
occur at multiple lysine residues. It seems that the E3
enzymes are capable of lining up a number of sterically
available or surface-exposed lysine residues for ubiquitination
and hold the substrate to enable multiple rounds of ubiquitin
transfer by recruiting ubiquitin-charged E2.

How does SCFSkp2target multiple lysine residues in distinct
spatial area of substrates for ubiquitination? Studies with
Cdc34/SCFCdc4ubiquitination of Sic1 suggested that dynamic
release of the ubiquitin-charged E2 enzyme (Cdc34) from
the E3 enzyme may provide the spatial flexibility required
to target multiple lysines on the substrate for ubiquitination
(32). Consistent with this hypothesis, tighter association
between Cdc34 and SCF is less active in promoting Sic1
ubiquitination. Our data on p21 ubiquitination can be
explained by this “hit-and-run” model. However, the spatial
flexibility in selecting a ubiquitination site can be also
afforded by substrate conformation flexibility around target
lysine residues. In this scenario, ubiquitin-charged Cdc34
does not have to diffuse away from the E3 enzyme as long
as the uncharged Cdc34 can be readily dissociated from the
E3 enzyme to allow for the charged Cdc34 to be recruited.
The role of SCF is simply to ensure correct position of the
incoming substrate to enable structurally flexible regions
harboring lysines to be targeted for ubiquitination and to be
accessible to the E2 enzyme stably bound to SCF (33). These
two models are not mutually exclusive and may reflect two
essential features of SCF E3 enzymes.

The potential lysine acceptor sites tend to be clustered in
certain region of the substrate. p21 is a loosely folded protein,
and the carboxyl-terminal region of the protein is rather
flexible (34). Data presented here indicate that four lysine

residues in the carboxyl-terminal region of p21 are lysine-
acceptor sites for polyubiquitination. In contrast, ubiquiti-
nation ofR-synuclein occurs at four lysine residues in the
N terminus of the protein (31). To further support the
sterically available lysine residue to be chosen as the lysine-
acceptor site, we found that a lysine residue introduced as
the carboxyl-terminal residue can also be targeted for
ubiquitination. However, not all lysine residues can serve
as ubiquitin acceptor sites. For example, lysine 16 and lysine
75 of p21 are not ubiquitinated by SCFSkp2. Consistent with
this notion, only four bands were observed in the reconsti-
tuted p21 ubiquitination reactionin Vitro in the presence of
Me-Ub (Figure 1B). Mutagenesis analysis also supports the
fact that four distinct lysine residues target for ubiquitin
conjugationin Vitro (parts B and C of Figure 4). The time
course of the ubiquitin conjugation reactionin Vitro indicates
the conversion of mono-ubiquitinated species to multi-
ubiquitinated species in a time-dependent fashion (Figure
4D). The pattern of ubiquitination site selection in p21 is
quite different from ubiquitination of the S-phase CDK
inhibitor Sic1 in which six lysine residues juxtaposed to the
Cdk-binding sites are targeted for ubiquitination (35). It has
been demonstrated that association of Sic1 with S-Cdk
restricts ubiquitination to N-terminal lysines proximal to the
Cdk site. However, in the case of p21, the opposite seems
to be true. Lysines close to the Cdk-binding site in p21 are
excluded from conjugation. Therefore, proximity to the Cdk-
binding site does not appear to be the determinant for
ubiquitination site selection for p21. Our data are consistent
with the mode of lysine-acceptor site selection by availability.
A survey of the preferred ubiquitination sites in yeast
indicates that there is a preference for ubiquitin conjugation
at lysine residues located in unstructured loop regions (36).
Thus, lysines located in the flexible regions of proteins are
prime candidates as ubiquitination sites in part because of
their high probability to initiate attack of the E2-ubiquitin
thioester bond. It is interesting to note that these four lysine
residues are clustered in a region that was previously defined
as the degradation signal for the ubiquitin-independent and
proteasome-dependent pathway because this region is the
binding site for the C8R subunit of the 20S proteasome (8,
37). It has been demonstrated that p21(1-133) is highly
stable because it was no longer able to interact with C8 (8).
In view of the findings presented here, the stability of
p21(1-133) could be the result of disabling both ubiquitin-
dependent and ubiquitin-independent pathways.

The four lysine residues in the carboxyl-terminal region
of p21 are targeted for polyubiquitination by SCF at similar
efficienciesin Vitro. However, these four lysine residues do
not appear to be equally ubiquitinated in cells. Lysine 141
is probably the predominant site for polyubiquitinationin
ViVo because the amounts of polyubiquitinated conjugates
that can be recovered are similar to that of the wild-type
p21 and far more abundant than other single-lysine mutants
in ViVo. In further support of this notion is the finding that
p21 with one single lysine at 141 exhibits metabolic stability
similar to wild-type p21. Lysine 154 is poorly ubiquitinated,
and destabilization of this mutant by SCF is less dramatic.
Ubiquitin conjugation can be detected at lysine 161 and
lysine 163 in cells; however, a p21 mutant with both lysine
residues is refractory to SCF-mediated elimination. The
reason for this is unclear at the moment given the fact that
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both can be targeted for ubiquitination by SCF rather
efficiently in the in Vitro ubiquitination assay by SCF. A
possible explanation for this observation is that the poly-
ubiquitin assembled on these lysines may not be long enough
to target the ubiquitinated substrate to the 26S proteasomes.
Interestingly, this region of p21 has been previously shown
to interact with PCNA (21, 22). This interaction could
suppress polyubiquitination at these sites in cells. Alterna-
tively, binding of PCNA or other cellular factors could also
mask these lysine residues for ubiquitination. The difference
in ubiquitination site selectivity betweenin Vitro andin ViVo
contexts suggests that cellular factors other than SCF and
cyclin E-Cdk2 may also dictate the choice of ubiquitination
sites in ViVo. Future studies are needed to elucidate mech-
anisms that can account for these differences.

There appear to be multiple pathways regulating p21
degradation (Figure 8). It is not uncommon for unstable
proteins to harbor different destabilizing signals. There is a
binding site for the C8R subunit of the 20S proteasome in
the carboxyl terminus of p21 that may mediate direct
targeting of p21 to the proteasome (8). The presence of this
binding site may explain in part why lysine-less p21 is still
an unstable protein and subjected to proteasomal degradation
(7, 8). The complexity of p21 stability controlin ViVo
prevents us from determining the contribution of each lysine
residue in p21 metabolic stability in cells. Nevertheless, a
plethora of data suggests that p21 stability is subjected to
ubiquitin-mediated proteolysis. First of all, the metabolic
stability of p21 is significantly increased in mouse cell lines
containing homozygous deletion of Skp2 (11). Second,
destabilization of p21 in response to UV irradiation requires
Skp2 (10). Finally, a recent study suggests that the N
terminus of p21 is completely acetylated and ubiquitination
of endogenous p21 either at internal lysines or on the N
terminus is unlikely to control its degradation by the
proteasome (38). N-Terminal ubiquitination of p21 is inef-
ficient in our system, and our result is more consistent with
ubiquitination of internal lysine residues that may have
profound effects on p21 degradation (Figure 8).

The specificity of ubiquitination is typically governed by
the E3 enzymes. Thus far, SCFSkp2 is the only E3 enzyme

that has been shown to catalyze ubiquitin transfer from an
E2 enzyme. How does p21 get recognized by this multisub-
unit E3 enzyme? Previous studies have highlighted the
important role of Cks1 and the cyclin E-Cdk2 complex for
p21 ubiquitination (11, 39). Current studies revealed the
importance of direct contact between p21 and cyclin E or
Cdk2 for ubiquitination. Because Cks1 binds both the cyclin
E-Cdk2 complex and Skp2, it is very likely that SCFSkp2

recruits p21 through the Cks1-cyclin E-Cdk2 complex. In
this regard, the F-box protein may not necessarily contact
the substrate directly. Therefore, the Cdk2-binding motif or
cyclin E-binding motif located in the N terminus of p21 can
be regarded as the ubiquitination signal for degradation by
the SCFSkp2 E3 ligase.

There are many parallels between p21 and p27 when it
comes to substrate recruitment to the SCFSkp2 complex.
Ubiquitination of both substrates requires Cks1 and cyclin
E-Cdk2, in addition to SCFSkp2(11, 40-42). However, there
are some significant differences between them with regard
to substrate recognition. Whereas p27 ubiquitination abso-
lutely requires phosphorylation of p27 at T187 by the cyclin
E-Cdk2 complex, phosphorylation of p21 is not strictly
required for ubiquitination, although phosphorylation of p21
at S130 has been shown to increase the efficiency of
ubiquitination (11). Another major difference lies in the
requirement for cyclin E-Cdk2 contact for ubiquitination.
Contact with either cyclin E or Cdk2 is sufficient for p21
recruitment to SCFSkp2 (this paper); however, this is not the
case for p27. The cyclin E-binding motif in p27 is absolutely
required for p27 ubiquitination because the p27 mutant
containing the Cdk2-binding motif alone is unable to be
ubiquitinated by SCFSkp2 (43). Therefore, SCFSkp2 may
recognize distinct features of the substrate to facilitate
ubiquitin transfer from the E2 to its targets and underscores
the idiosyncratic nature of the E3 enzyme in the ubiquiti-
nation reaction.

Aside from p27 and p21, other regulatory proteins have
been reported to be potential substrates of SCFSkp2. These
include c-myc, b-myb, Cdt, hOrc1p, cyclin E, and p130 (44-
51). The involvement of SCFSkp2 in regulating the stability
of these proteins has been demonstrated largelyin ViVo, and

FIGURE 8: Model for ubiquitination site selection in p21 by SCFSkp2.
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in Vitro ubiquitination of these substrates has not been
reconstituted using a purified system. It will be interesting
to determine whether SCFSkp2 uses analogous mechanisms
to target these substrates for ubiquitination.

If the cyclin E-Cdk2 complex targets p21 to ubiquitina-
tion, then how can the stability of p21 be regulated during
cell-cycle progression, DNA damage, and cell differentiation?
One obvious way is to regulate the availability of the E3
enzyme. The stability of Skp2 and Cks1 as well as the
transcription of Cks1 are cell-cycle-regulated (52-55).
Depletion of SCF components from cells will prevent p21
and p27 degradation. Given the importance of cyclin
E-Cdk2 in p21 ubiquitination, the rise and fall of cyclin E
expression is expected to have a significant impact on p21
stability. Another way of regulating p21 ubiquitination could
be achieved by post-translational modification of the sub-
strate. Phosphorylation is one of myriad modifications that
alter the function of the protein. p21 has been shown to be
a substrate for multiple protein kinases (56, 57). It has been
shown previously that phosphorylation of p21 by Akt/PKB
inhibits p21 degradation (57). It is also possible that
association of p21 with other cellular proteins may sequester
it from the cyclin E-Cdk2 complex and prevent it from
targeting SCFSkp2. Therefore, degradation of p21 can be
modulated in a variety of ways depending upon the intra- or
extracellular signal inputs.
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