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During DNA polymerase switching, the Xenopus laevis Cip/Kip-type cyclin-dependent kinase inhibitor Xicl
associates with trimeric proliferating cell nuclear antigen (PCNA) and is recruited to chromatin, where it is
ubiquitinated and degraded. In this study, we show that the predominant E3 for Xicl in the egg is the
Cul4-DDB1-XCdt2 (Xenopus Cdt2) (CRL4“Y?) ubiquitin ligase. The addition of full-length XCdt2 to the
Xenopus extract promotes Xicl turnover, while the N-terminal domain of XCdt2 (residues 1 to 400) cannot
promote Xicl turnover, despite its ability to bind both Xicl and DDB1. Further analysis demonstrated that
XCdt2 binds directly to PCNA through its C-terminal domain (residues 401 to 710), indicating that this
interaction is important for promoting Xicl turnover. We also identify the cis-acting sequences required for
Xicl binding to Cdt2. Xicl binds to Cdt2 through two domains (residues 161 to 170 and 179 to 190) directly
flanking the Xicl PCNA binding domain (PIP box) but does not require PIP box sequences (residues 171 to
178). Similarly, human p21 binds to human Cdt2 through residues 156 to 161, adjacent to the p21 PIP box. In
addition, we identify five lysine residues (K180, K182, K183, K188, and K193) immediately downstream of the
Xicl PIP box and within the second Cdt2 binding domain as critical sites for Xicl ubiquitination. Our studies
suggest a model in which both the CRL4“*? E3- and PIP box-containing substrates, like Xicl, are recruited

to chromatin through independent direct associations with PCNA.

The eukaryotic cell cycle is positively regulated by cyclin-
dependent kinases (CDKs) and negatively regulated by CDK
inhibitors (CKlIs) (22, 25, 27, 28). A complete knockout of all
CDK inhibitor function, although as yet not attained in mam-
malian cells, has been accomplished in Saccharomyces cerevi-
siae and is shown to result in genomic instability due to pre-
mature entry into S phase (19). Conversely, the overexpression
of cyclin E in mammalian cells has also been observed to
induce chromosome instability (31). These studies suggest that
CDK inhibitor function can play a critical role in maintaining
genomic stability through the proper regulation of DNA rep-
lication initiation. Mammalian Cip/Kip-type CDK inhibitors
p27 and p21 are stoichiometric inhibitors of CDK2-cyclins that
regulate the entry into S phase and are targeted by ubiquitin-
and proteasome-dependent proteolysis during the G;-to-S-
phase transition (4, 5, 33, 35). In the frog, Xenopus laevis, three
types of CDK inhibitors have been identified that share se-
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quence and functional similarities with mammalian p27 and
p21. The first type of CDK inhibitor includes the Xenopus
inhibitor of CDK (p27%i! or Xicl) and kinase inhibitor from
Xenopus (p28%™ or Kix1), which share ~90% amino acid
sequence identity with each other, preferentially inhibit the
activity of CDK2-cyclin E or A and bind all CDK-cyclins and
proliferating cell nuclear antigen (PCNAs) (30, 32). The sec-
ond and third types of Xenopus CDK inhibitors are p16™** and
p17%3, which share sequence homology with p21 and p27,
respectively, and exhibit restricted developmental expression
but have not been extensively characterized biochemically (9).

In an effort to study the molecular mechanism of Cip/Kip-
type CDK inhibitor proteolysis in the context of the temporal
events of DNA replication initiation, we utilize the biochemi-
cally tractable Xenopus egg extract system. This extract can
recapitulate all of the events of semiconservative DNA repli-
cation and fully support protein ubiquitination and degrada-
tion in the context of DNA replication initiation (3, 36). Using
this system, we have shown that during DNA polymerase
switching, Xicl is recruited to sites of DNA replication initia-
tion through its association with proliferating cell nuclear
antigen (PCNA) and is targeted for ubiquitination and degra-
dation (6). Using a strategy of PCNA reconstitution to PCNA-
depleted extracts, our studies showed that Xicl ubiquitination
and turnover required not only PCNA binding but also the
ability of PCNA to be loaded at a site of DNA replication
initiation by replication factor C (RFC) (6). Our previous study
indicated that like mammalian p27 and p21, Xicl could be
ubiquitinated in vitro by SCF*S*P? (21), but our subsequent
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studies suggested that Xenopus Skp2 (XSkp2) levels were very
low in the early embryo, and XSkp2 immunodepletion did not
stabilize Xicl in the Xenopus egg extract (our unpublished
observations). Therefore, we postulated that in the interphase
egg extract, Xicl was targeted for ubiquitination by an alter-
nate ubiquitin ligase.

In this study, we identify Cul4-DDB1-XCdt2 (CRL4“"?) as
the ubiquitin ligase for Xicl in the egg. We also identify both
the critical residues of Xicl required for association to Cdt2
and the critical lysine residues of Xicl ubiquitinated by
CRL4“"2, Importantly, we report a direct interaction between
the C-terminal domain of Cdt2 and PCNA and show that the
C-terminal domain of Cdt2 is required to promote the prote-
olysis of Xicl. Our studies suggest a model for Xicl ubiquiti-
nation and proteolysis which requires the Xicl PIP box for
association with PCNA and Xicl chromatin recruitment, the
Xicl sequences flanking the PIP box for association with Cdt2,
specific lysine residues within the Cdt2 binding domain of Xicl
for efficient Xicl ubiquitination, and a direct association be-
tween the Cdt2 C terminus and PCNA.

MATERIALS AND METHODS

Cloning of Xenopus Cdt2. To identify the putative full-length cDNA sequence
for Xenopus Cdt2, a BLAST search of the National Center for Biotechnology
Information (NCBI) database was performed using the human Cdt2 (hCdt2)
amino acid sequence (gi 7012714). This resulted in the identification of an
mRNA sequence (gi 147904833) encoding the Xenopus laevis hypothetical pro-
tein MGC114697, which exhibited an overall 55% amino acid identity and 65%
amino acid similarity to the human Cdt2 protein. The entire open reading frame
encoding amino acids 1 to 710 was then PCR amplified from a Xenopus cDNA
library (embryonic stage 11.5) using Pfu DNA polymerase and primers 5'-ATA
AGCTTGGCCGGCCACCATGTTGTTTCGCTCTGTGATG and 5'-CCCTC
GAGGGCGCGCCTTACTCAGACTTCTTGAAAAAGTAGGTGC. The PCR
product was subcloned into the Fsel/AscI sites of the pCS2+FA vector (kindly
provided by Ethan Lee, Vanderbilt University) and was verified by DNA se-
quencing.

Generation of the XCdt2, Xicl, and p21 mutants. XCdt2 deletion mutants
XCdt2'% (residues 1 to 400 of XCdt2) and XCdt2*"'=7' were generated by
PCR mutagenesis using pCS2+/XCdt2 as the template plasmid, followed by
subcloning into pCS2+FA and pGEX-FA. For the generation of Xicl and p21
deletion mutants, pCS2+/Xicl, pCS2+FA/XCdt2, pCS2+/p21, and pGEM2/
p214156-161 were used as the template for PCR, and the products were cloned
into the BamHI/EcoRI or BamHI/Xhol sites of pCS2+ and pGEX-4T. The
following point mutants Xicl (K2R, K2R-2, K5R, K6R, K8R, K11R, and K13R),
XCd2R?47A and p21F199A were generated using the pCS2+/wild-type Xicl
(Xic1-WT) and pCS2+/Xicl-NLS2 (also called Xicl-K3R), pCS2+FA/XCdt2,
or pCS2+/p21 plasmids, respectively, and the QuikChange site-directed mu-
tagenesis kit (Stratagene). XiclWTNPIPLL XjcH74A-NPIPL apg Xic]N160-NPIPL
were generated by PCR mutagenesis, using pCS2+/Xicl as the template plas-
mid, followed by subcloning into the BamHI/EcoRI sites of pCS2+ and pGEX-
4T. For the generation of XiclWT-NPIP2 Xic|I74ANPIP2 g Xjc]N160-NPIP2)
pGEM2/p214156-161 was used as the template for PCR, and the products were
cloned into the BamHI/EcoRI sites of pCS2+ and pGEX-4T. Subsequently, the
PCR products of Xic1WT=210) Xjc]1174AC-210) and Xic1N100C-160) were cloned
into the EcoRI and Xhol sites of pCS2+/p21!35-164(A156-16D) o nGEX-4T/
p21135-164(A156-161)_ AT] mutations were verified by DNA sequencing. The primer
sequences are available upon request.

Preparation of Xenopus interphase egg extracts and demembranated sperm
chromatin. Xenopus interphase egg extracts (low-speed supernatant [LSS]),
membrane-free high-speed supernatant (HSS), and demembranated Xenopus
sperm chromatin (XSC) were prepared as described previously (6, 7, 21).

Analysis of proteins by mass spectrometry. The GST-Xicl fusion proteins
were expressed in BL21(pLysS)DE3, as described previously (21). The GST and
GST-Xicl proteins (5 pg) were coupled to glutathione-Sepharose 4B (GE
Healthcare) and incubated in 250 wl of LSS for 1 h at 4°C. The beads were
washed extensively with NETN buffer (50 mM Tris at pH 8, 250 mM NaCl, 5 mM
EDTA, and 0.5% Nonidet P-40). The GST or GST-Xicl binding proteins were
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
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PAGE), and the corresponding acrylamide gel lanes were sliced into 8 pieces and
digested with 10 ng/ul trypsin (Promega) at 37°C for 18 h. The peptides were
extracted in 5% formic acid and 50% acetonitrile and dried in a SpeedVac
(Savant). The tryptic peptides were separated by UltiMate Nano liquid chroma-
tography (LC) systems (LC Packings) and sequenced using a QStar mass spec-
trometer (Applied Biosystems) as described previously (23). Acquired mass data
were searched against the NCBI protein database using the MASCOT software
package (Matrix Sciences). Only sequences exhibiting P values of <0.05 were
considered. Notably, XCdt2 was identified by mass spectrometry as a Xicl-
interacting protein, but the P value was above the 0.05 cutoff point. This may be
due to a difficulty in eluting the Cdt2 peptides from the gel, a failure to recover
negatively charged peptides of Cdt2, or posttranslational modification of Cdt2,
resulting in phosphorylated Cdt2-derived peptides.

In vitro transcription and translation and antibody preparation. Wild-type
and mutant Xicl and XCdt2 were in vitro transcribed and translated from the
SP6 promoter in pCS2+ using the TNT-coupled reticulocyte lysate system (Pro-
mega) and [**S]methionine (PerkinElmer Life Sciences). The generation of
antibodies to XPCNA, XCdt2, and XDDBI1 was described previously (2, 6, 15).

Xicl degradation assay and p21 ubiquitination assay. Xicl degradation assays
were conducted as described previously (6, 7). To examine the ability of exog-
enously added XCdt2 to promote Xicl degradation, 2.4 pl in vitro-translated
XCA2WT, XCdt2R*47A X Cdt2!7490, XCdt24°1-719 unprogrammed rabbit reticu-
locyte lysate (RRL), or Xenopus extracts supplemented with buffer (XB™; 100
mM KCl, 0.1 mM CaCl,, 1 mM MgCl,, 10 mM HEPES at pH 7.7) was added to
HSS (12 ul). The samples were incubated with a 0.1 volume of [**S]methionine-
labeled Xicl in the presence or absence of 15 ng/ul ®X174 single-stranded DNA
(New England BioLabs) for 0, 45, 90, 135, or 180 min at 23°C. The samples were
then analyzed by SDS-PAGE, followed by PhosphorImager analysis (Molecular
Dynamics), and quantitation was performed using ImageQuant software (GE
Healthcare). In general, the addition of RRL alone inhibited Xicl turnover by
between ~20 to 25% compared to that of XB™. p21 ubiquitination assays were
performed as described above for the Xicl degradation assay, except that in
vitro-translated human Cdt2 (hCdt2) was added. We performed a statistical
analysis of the percentage of Xicl remaining at the 1.5- and 3-h time points (LSS)
or at the 1- and 2-h time points (HSS) for the Xic1-K5R mutant compared to that
of the Xicl wild type (WT), K6R, K8R, or K13R using a dependent sample or
“paired” ¢ test analysis, where the P values for the two time points were averaged.

Xicl ubiquitination assay. In vitro-translated [**S]methionine- and [*S]cys-
teine-labeled wild-type Xicl and mutants (K2R, K3R, KSR, K6R, K8R, and
K13R) (0.5 pl) were incubated in 3 wl HSS in the presence of 15 ng/pl ®X174
single-stranded DNA (New England BioLabs) and 3 pg/wl methyl-ubiquitin
(Boston Biochem, Inc.) for 120 min at 23°C, followed by SDS-PAGE (4 to 20%
precise protein gel; Pierce) and PhosphorImager analysis.

Recombinant protein expression and purification. The MBP-Xic1 fusion pro-
teins and His6-XPCNA cloned into pET28a were expressed in BL21(pLysS)DE3
and purified with amylose agarose (NEB) or nickel-nitrilotriacetic acid-Sepha-
rose (Qiagen), respectively (6). Recombinant proteins were dialyzed into buffer
containing 50 mM Tris, 150 mM NaCl, and 5 mM EDTA (pH 7.5) and concen-
trated before use.

In vitro binding assays. For glutathione S-transferase (GST) pulldown assays,
GST-Xicl, GST-hp21, and GST-hp27 fusion proteins (5 pg) were bound to
glutathione-Sepharose 4B (GE Healthcare) and incubated with [*>S]methionine-
labeled XCdt2 (4 l) for 1.5 h at 23°C. For GST-XCdt2!7#%, GST-XCdt240-710,
and GST-XPCNA, beads were incubated with purified MBP-Xicl or XPCNA (5,
15, 25, or 50 pg). The beads were washed with NETN buffer (50 mM Tris, 250
mM NaCl, 5 mM EDTA at pH 7.5, and 0.1% NP-40) and subjected to SDS-
PAGE and phosphorimager analysis or Coomassie blue staining. Protein bands
from Coomassie blue staining were analyzed by matrix-assisted laser desorption
ionization-time of flight (MALDI-TOF) mass spectrometry (Voyager-DE Pro;
Applied Biosystems) as described previously (18). To examine the binding be-
tween p21 and XPCNA, 2.5 ng GST or GST-p21 wild-type or mutant proteins
immobilized on glutathione-Sepharose beads was incubated with 10 wl of HSS in
NETN buffer, followed by immunoblotting with anti-hPCNA antibody (PC-10;
Santa Cruz). To examine the binding between XPCNA and Xicl, GST-PCNA
fusion proteins (5 pg) were bound to glutathione-Sepharose 4B and incubated
with [**S]methionine-labeled Xic1-NPIP mutants (4 wl) for 1.5 h at 23°C. The
beads were washed with NETN buffer and subjected to SDS-PAGE and
PhosphorImager analysis. For the coimmunoprecipitation assay, antibody to
XPCNA, XCdt2, or XDDBI was incubated with 15 pl of protein A-Sepharose
(GE Healthcare) for 1.5 h at 23°C. The beads were washed with NETN and
incubated with [**SJmethionine-labeled Xicl or XCdt2 for 1.5 h at 23°C in
NETN, followed by SDS-PAGE and PhosphorImager analysis.
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FIG. 1. DDBI associates with Xicl in the egg extract. (A) GST or
GST-Xicl binding proteins purified from the Xenopus interphase egg
extract (LSS) and stained with Coomassie blue. GST-Xicl, GST, and
yolk proteins are indicated, along with molecular mass markers in
kilodaltons (M). (B) Xicl-interacting proteins identified by LC-tan-
dem mass spectrometry (MS-MS). Proteins are listed according to
their molecular weights (MW). Each protein is also identified by its
gene identification number and common name.

Immunodepletion and rescue assays. Specific antibody to XDDB1 or XCdt2
was covalently coupled to protein A-Sepharose and then incubated in the egg
extract for 1 h at 4°C. The depleted extracts were separated from the beads by
centrifugation at 4°C, and the immunodepletion protocol was repeated. Control
depletions were performed using normal rabbit serum (NRS). To restore XCdt2
activity to the immunodepleted extract, in vitro-translated wild-type or mutant
XCdt2 or unprogrammed RRL was added.

Sequence alignment analysis. AlignX of Vector NTT (Invitrogen) software was
used for sequence alignment analysis. The Xenopus laevis hypothetical protein
MGC115611 (gi 71679818) was compared to human Cul4a, and MGC114697 was
compared to human Cdt2.

RESULTS

Identification of Xicl-associated proteins from the Xenopus
interphase egg extract. In an effort to identify E3 of Xicl in the
egg, we purified Xicl-associated proteins from the egg extract
using recombinant GST-Xicl and identified the proteins by
mass spectrometry (Fig. 1). The proteins identified as Xicl-
associating proteins included known Xicl partners, such as
cyclins A and B, CDK2, and PCNA. In addition, Hsp70 and
importin family members were found to be associated with
Xicl. Our previous studies have indicated that the nuclear
localization of Xicl requires both CDK2-cyclin binding and the
three basic nuclear localization sequences within the Xicl C
terminus (7). We had also previously noted an interaction
between Xicl and importin a. Together, these findings suggest
that importin family members may play an important role in
Xicl nuclear localization. Interestingly, Xicl was also found to
be associated with DDBI1, a component of the Cul4 ubiquitin
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ligase (CRL4), implying that Xicl might be a substrate of
Cul4-DDBI. Our previous studies demonstrated that Xicl
turnover in the egg extract was absolutely dependent upon its
binding to PCNA (6). Recent studies indicated that the repli-
cation licensing factor Cdt1 was targeted for degradation in the
Xenopus egg and mammalian cells in a PCNA- and CRL4“2-
dependent manner (2, 15). In fact, the molecular mechanism of
Cdtl turnover in the egg appeared remarkably similar to the
mechanism of Xicl turnover in the egg. Based on these find-
ings, we tested whether CRL4“? mediated the turnover of
Xicl in the egg extract.

Xicl interacts with DDB1 and the N-terminal domain of
XCdt2. Based on studies of Cdtl in the Xenopus extract, we
wondered whether XCdt2 might function as the substrate-
binding component to recruit Xicl to the CRL4 ubiquitin
ligase. To examine this possibility, we performed a BLAST
search of the NCBI database using the human Cdt2 amino acid
sequence and identified a related Xenopus cDNA sequence
encoding hypothetical protein MGC114697 (gi 66911503). The
Xenopus MGC114697 and human Cdt2 proteins exhibited 55%
amino acid identity and 65% amino acid similarity, suggesting
that MGC114697 is the Xenopus paralog of human Cdt2 (see
Fig. 7A). Further sequence analysis of the putative XCdt2
coding sequence indicated that it was organized into 6 WD40
domains and 2 WDXR motifs, similar to its human counterpart
(Fig. 2A). Studies of human Cdt2 suggested that the WDXR
motifs and, in particular, residue R246 are essential for binding
to DDB1 (15). We generated the conservative mutation in the
putative XCdt2 protein at residue R247 and tested the ability
of the wild-type XCdt2 (XCd2WT') and R247A mutant
(XCdt2R**74) to bind to DDBI1 from the Xenopus egg extract.
Immunopurified DDB1 from the egg extract was incubated
with ¥3S-labeled XCd2WT, XCdt2R*474, XCdt2'*°° (N-termi-
nal amino acids [aa] 1 to 400), or XCdt2*°*~71? (C-terminal aa
401 to 710). Consistent with studies of human Cdt2, DDBI as-
sociated with XCdt2™" and XCdt2'*" but did not appreciably
associate with XCdt2R8?*74 or XCdt2*"'~"'° (Fig. 2C). These stud-
ies strongly suggest that the hypothetical MGC114697 gene en-
codes the Xenopus Cdt2 protein.

To investigate a role for DDB1 and XCdt2 in the turnover of
Xicl, we first studied whether Xicl could associate with DDBI,
and in particular with XCdt2, as would be expected if XCdt2
functioned as the substrate-binding domain of Cul4-DDBI.
For these studies, we added to the egg extract either GST or
GST-tagged Xicl bound to glutathione-Sepharose and immu-
noblotted the bound fraction with anti-DDB1 antibody. The
immunoblot revealed weak binding between Xicl and DDBI1
from the extract, despite Xicl’s ability to efficiently bind PCNA
(Fig. 2B). We next immunopurified XCdt2 from the egg ex-
tract and examined its ability to associate with **S-labeled Xicl
(Fig. 2D). Our results suggested that Xicl readily associated
with XCdt2, and to further study the nature of this interaction,
we studied the binding of XCdt2WT, XCdt2R**74, XCdt2' %,
and XCdt2*°'="'% to GST-Xic1 (Fig. 2E). Our studies indicated
that Xicl efficiently associated with the XCdt2 amino-terminal
domain (15.6% binding) and much less efficiently bound to the
XCdt2 C-terminal domain (1.6% binding) (Fig. 2E). Never-
theless, Xicl still retained some specific binding to the C ter-
minus compared to background binding (Fig. 2E). These stud-
ies suggest that both Xicl and DDBI associate with the



VoL. 30, 2010
A. B. o
DDB1 - P4
binding 2 5 5
£ 0 0
Western T
> WDXR - 0-PCNA
- ‘s |= GST-Xic1
C. Coomassie :
5 1P == ]pesT
5 o ‘
%)
R ¥ Q D. =5 s
5 Z 3 é_ é_
[ S-c0081 EE 4
o 2 = 2 o
=R247A 8 A 5 zZz &
EI-1-4OO 3 [ T8 ecae
E. ] 5
£ b
c 7 b
P5S|Cdt2 & » © %Binding
WT |[—— —| 6.3
R247A | = 57

FIG. 2. Xicl interacts with DDB1 and XCdt2. (A) Schematic rep-
resentation of XCdt2. XCdt2 contains two WDXR motifs (gray boxes),
six WD40 domains (white boxes), and a conserved arginine residue
(R247) essential for DDB1 binding. (B) GST pulldown assay. GST or
GST-Xicl immobilized on glutathione-Sepharose beads was incubated
with Xenopus interphase egg extract and immunoblotted with antibody
against Xenopus DDB1 and PCNA (Western blot). GST and GST-
Xicl proteins (20% of Western blot reaction) were stained with Coo-
massie brilliant blue. The input (4%) is shown in lane 1. «, anti; *,
nonspecific bacterial protein. (C) Coimmunoprecipitation assay. Im-
munoprecipitated DDB1 (IP) from the egg extract was bound to pro-
tein A beads and incubated with **S-labeled wild-type XCdt2 (WT),
XCd2R?74 (R247A), XCdt2'4 (1-400), or XCdt2**71% (401-710).
As a control, nonspecific normal rabbit serum (NRS) was used in the
place of DDBI antiserum. Efficient immunoprecipitation of XDDB1
was confirmed by immunoblotting with anti-DDBI1 antibody (top).
Binding of XCdt2 proteins (**S-Cdt2) was analyzed by SDS-PAGE and
phosphorimaging, and 5% of the input proteins is shown (5% input).
(D) Coimmunoprecipitation assay. Immunoprecipitated XCdt2 (anti-
CDT?2, IP) from the egg extract was incubated with **S-labeled Xicl
and subjected to SDS-PAGE and phosphorimager analysis. Efficient
immunoprecipitation of XCdt2 was confirmed by immunoblotting with
anti-Cdt2 antibody (top). Immunoprecipitation with normal rabbit se-
rum (NRS) was included as a control, and input samples are indicated.
(E) GST pulldown assay. Bacterially expressed GST or GST-Xicl (5
pg) was immobilized on glutathione-Sepharose beads and incubated
with **S-labeled XCdt2 proteins, as indicated. A total of 5% of the
input reaction is shown. The percentage of Cdt2 bound by all GST-
Xicl proteins (% binding) is an average value obtained from 2 inde-
pendent experiments.

N-terminal residues of XCdt2 and that Xicl might be a sub-
strate of CRL4X2,

Xicl residues 161 to 170 and 179 to 190 are important for
XCdt2 binding. To better understand the requirements for
XCdt2 binding to Xicl, we generated and tested a number

CRLA4“? BINDS PCNA TO MEDIATE Xicl PROTEOLYSIS 4123

of Xicl mutants in order to identify the cis-acting sequences of
Xicl that were necessary and sufficient for XCdt2 binding (Fig.
3A). Using XCdt2 immunopurified from the egg extract and
35S-labeled Xicl N- and C-terminal truncation mutants, we
found that the amino-terminal half of Xicl was not absolutely
required, nor was it sufficient for XCdt2 binding (Fig. 3A, B,
and D, left). Upon further examination, we found that C-
terminal sequences within Xicl residues 161 to 190 were im-
portant for XCdt2 binding. Analysis of the ability of GST-Xicl
mutants to bind XCdt2 revealed that point mutants CK™ (de-
fective for CDK2-cyclin binding) and I174A (defective for
PCNA binding) were able to associate with XCdt2 as well as
wild-type Xicl (Fig. 3C and D, right). Moreover, while Xicl
residues 161 to 190 appeared to represent the minimal domain
of Xicl that could bind to XCdt2, a deletion of the residues
comprising the PIP box (PCNA binding motif, aa 171 to 178)
in the Xicl mutant, A171 to 178 (APIP), indicated that the PIP
box was not required for XCdt2 binding since this mutant
bound Cdt2 similar to wild-type Xicl (Fig. 3C and D). These
results suggested that Xicl residues 161 to 170 and 179 to 190
were the amino acids that were necessary and sufficient for
XCdt2 binding. However, residues upstream and downstream
of amino acids 161 and 190 appeared to contribute toward
establishing an efficient interaction between Xicl and XCdt2,
as evidenced by the robust binding of Xic1'®'~*'” and Xic1'~'°
to XCdt2 compared to the ~7-fold-lower binding of Xic1'®'~"'%°
to XCdt2 (Fig. 3D). Consistent with this finding, our previous
studies indicated that although Xic1'®*~**° could be modestly
ubiquitinated, it was not efficiently degraded (8). These studies
suggest that the XCdt2 and PCNA binding regions of Xicl are
immediately adjacent to one another, perhaps suggesting that
some type of cooperation may occur between PCNA and
XCdt2 to mediate Xicl ubiquitination and degradation.
XCdt2 promotes DNA-dependent Xicl proteolysis in the
Xenopus interphase egg extract. The interaction between Xicl
and DDBI1-Cdt2 suggested that Xicl might be a substrate of
the CRLAX? ubiquitin ligase and that XCdt2 might function
as the Xicl substrate-binding component of Cul4-DDBI. If
XCdt2 functions as an important mediator of Xicl turnover in
the egg extract, then it is predicted that if XCdt2 is a limiting
component in the extract, the addition of XCdt2 will promote
the degradation of Xicl. To examine this possibility, we added
in vitro-translated XCdt2WT, XCdt2R?*74 XCdt2'° or
XCd2*°'="1% (Fig. 4A, left) to the interphase extract in the
presence or absence of DNA and analyzed the degradation of
¥S-labeled Xicl over time. Our results indicated that while the
half-life of Xicl in the control sample supplemented with un-
programmed reticulocyte lysate was ~105 min, when the ex-
tract was supplemented with lysate programmed with the
XCde2WT protein, the half-life of Xicl was substantially re-
duced to ~30 min. Further, the addition of XCdt2'™% and
XCdt2*71° did not promote Xicl turnover, even though the
XCdt2'*% polypeptide was sufficient to bind both Xicl and
DDBI (Fig. 4A and B). Similarly, the DDB1 binding-deficient
mutant XCdt2®**7# and the XCdt2'™% and XCdt2**'=7'°
polypeptides added together did not promote Xicl turnover
(Fig. 4A and B). Taken together, these results suggest, first,
that XCdt2 promotes Xicl degradation through Cul4-DDB1-
mediated ubiquitination and, second, that XCdt2 binding to
Xicl and DDBI is not sufficient to support efficient Xicl turn-
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FIG. 3. Xicl residues immediately upstream and downstream of its PCNA binding domain are important for Cdt2 binding. (A) Schematic
representation of full-length Xicl and Xicl deletion mutants, with CDK/cyclin and PCNA binding domains indicated. Amino- or carboxy-terminal
serial deletion mutants of Xicl were in vitro-translated (**S-Xic1) or bacterially expressed as GST-Xicl fusion proteins (GST-Xicl). The Xicl wild
type (WT), point mutant I174A deficient for PCNA binding (I174A), CK™ mutant deficient for CDK2-cyclin binding (CK™), or Xicl deletion
mutants indicated by the residues contained within the mutant or deleted (A) within the mutant are shown. (B) Coimmunoprecipitation assay.
Immunoprecipitated XCdt2 (anti-CDT2, IP) from the egg extract was incubated with the **S-Xicl wild type (WT) or mutants as indicated.
Equivalent immunoprecipitation of XCdt2 for each sample was confirmed by immunoblotting with anti-Cdt2 antibody (data not shown).
Immunoprecipitation with normal rabbit serum (NRS) was conducted as a control, and 5% of the input *S-Xicl is shown (5% input). (C) GST
pulldown assay. GST or GST-Xic1l wild-type or mutant proteins as indicated were immobilized on glutathione-Sepharose beads and incubated with
¥S-CDT2. A total of 5% of the input XCdt2 for each reaction is shown (5% input). (D) Quantitation of the results shown in panels B and C. The
relative XCdt2 binding value (% relative Cdt2 binding) for each Xicl mutant is shown, where wild-type Xicl (WT) binding was normalized to 100%
for each experiment. Each sample was tested at least 2 or 3 times, and the standard error of the mean (SEM) is shown as an error bar for samples
tested at least three times. IVT, in vitro transcribed.

over. One possibility is that in addition to Xicl binding and to beads and was then analyzed for the ability to support Xicl
recruitment to Cul4A-DDBI1, XCdt2 may mediate an addi- degradation (Fig. 5SA and B). The results indicated that upon
tional as-yet-uncharacterized function encoded within the the depletion of DDBI, Xicl was significantly stabilized in the
XCdt2 C terminus that is required for efficient Xicl turnover. extract. Similarly, upon the immunodepletion of XCdt2 from
This possibility is examined below (see Fig. 9). the egg extract, Xicl turnover was inhibited (Fig. 5C and E).

DDBI1 and XCdt2 are required for Xicl degradation during Importantly, when extract depleted of XCdt2 protein was sub-
DNA polymerase switching. Our studies suggest that XCdt2 is sequently supplemented with the in vitro-translated XCdt2
a limiting factor in the interphase egg extract for Xicl ubig- protein, Xicl turnover was completely restored compared to
uitination, and the addition of XCdt2 to the extract promotes that with the addition of unprogrammed reticulocyte lysate
Xicl turnover. To more directly study a requirement for (Fig. 5D and E). This indicated that although the depletion
CRL4XY2 ip Xicl turnover, we performed immunodepletion ~ of XCdt2 might have codepleted another regulator of Xicl
studies of the Xenopus interphase extract called the high-speed turnover, the addition of XCdt2 to the extract was sufficient

supernatant (HSS), an extract that fully supports Xicl ubig- to fully restore Xicl turnover. These studies demonstrate
uitination and degradation as well as DNA polymerase switch- the requirement for DDB1 and XCdt2 in Xicl turnover in
ing, the step of replication initiation required for Xicl turnover the egg extract and strongly suggest that CRL4*4? is the
(6). The interphase extract was either not depleted or immu- ubiquitin ligase for Xicl in the replicating Xenopus inter-

nodepleted with control antibody or DDBI1 antibody coupled phase egg extract.



Vor. 30, 2010
A. os)xict

10% Input SSDNA: + + + 4 + =

Time(min): c ¥ § 2 22

XB-=

R247A
1-400
401-710

-
=
we: (S5 &)

Phosphorimager:

Unprog. Lysate =
WT-
R247A-

]

IVT CDT2

L

1-400 -

401-710"
1-400 + 401-710 -

B %= XB-
Bt =@~ Unprog. Lysate
= WT
80 -o- R247A
=+ 1-400

60 401-710

——
1-400 + 401-710
. Bl

20

% Xic1 Remaining

0 45 90 135 180
Time (min)

FIG. 4. XCdt2 promotes the turnover of Xicl in the egg extract.
(A, right) Xicl degradation assay. **S-Xicl was incubated in the HSS
supplemented with XB~ buffer, unprogrammed reticulocyte lysate
(Unprog. Lysate), XCd2W'™ (WT), XCdt2R**7 (R247A), XCd2!'~4%
(1-400), XCdt2*'=71% (401-710), or both XCdt2'** and XCdt2*°*-"1¢
with (+) or without (—) single-stranded DNA (ssDNA), and samples
were analyzed at time points between 0 and 180 min as indicated.
(Left) Input amounts of unlabeled in vitro-translated XCdt2 proteins
added were quantitated by Western blotting (WB) using anti-Cdt2
antibody. **S-labeled Cdt2 (1-400) was also quantitated by phosphor-
imager analysis since it is not recognized by the anti-Cdt2 antibody
which was generated against the C-terminal fragment of Cdt2.
(B) Quantitation of Xicl turnover. The mean percentage of Xicl
remaining from two or three independent experiments as described in
the legend to panel A is shown, where the 0 h time point was normal-
ized to 100% of Xicl remaining for each sample. SEMs are shown as
error bars.

Five lysine residues of Xicl directly downstream of the
PCNA binding domain and within the XCdt2 binding domain
are critical for efficient Xicl turnover. Our studies suggest that
both PCNA and XCdt2 bind to Xicl residues within the Xicl
C terminus and perhaps cooperate to target Xicl for ubiquiti-
nation. To further examine the molecular mechanism of Xicl
ubiquitination by XCdt2, we wanted to identify the lysine res-
idues of Xicl that are critical for efficient Xicl degradation.
Xicl contains a total of 17 lysine residues spanning the entire
length of the Xicl polypeptide, although the majority of the
Xicl lysine residues are clustered within the C terminus of
Xicl (Fig. 6A). Our past studies suggested that Xicl was ubiq-
uitinated on ~3 to 4 lysine residues within the C-terminal
domain of Xicl (8). In order to identify the precise lysine
residues of Xicl essential for efficient Xicl turnover, lysine
residues were mutated to arginine to prevent possible ubiquiti-
nation at that site but to preserve the overall charge of Xicl
(Fig. 6A). The stability of Xicl mutants was then examined in
both the membrane-containing LSS and membrane-free HSS
extracts. We found that mutation of three lysine residues
(K3R) or two lysine residues (K2R, or in the HSS only, K2R-2)
resulted in only subtle stabilizations of Xicl in the LSS while
roughly doubling the half-life of Xicl in the HSS (Fig. 6B). In
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contrast, upon the mutation of five of these lysine residues
(K5R; K180, K182, K183, K188, and K193), Xicl turnover was
substantially inhibited in both extracts (Fig. 6B). Additional
mutation of Xicl lysine residues to include a total of six lysine
residues (K6R) or eight lysine residues (K8R) had only a
modest effect in the LSS (K5R versus K8R; P = 0.13), while
Xicl-K8R was statistically more stabilized in the HSS (K5R
versus K8R; P = (0.04). Mutation of all 13 lysine residues within
the Xicl C-terminal domain (K13R) also further stabilized
Xicl beyond the mutation of five lysine residues in both ex-
tracts (KSR versus K13R; P = 0.04) (Fig. 6A and B). Studies
to examine Xicl ubiquitination confirmed that the KSR, K6R,
K8R, and K13R Xicl mutants were less efficiently ubiquiti-
nated in the egg extract, as expected (Fig. 6D). To ensure that
the lysine mutants of Xicl were not grossly misfolded, we
confirmed that Xic1W7T, Xic1¥°R and Xic1®!*R were able to
comparably associate with XCdt2 and PCNA from the egg
extract (Fig. 6C). These studies suggest that CRL4*“? medi-
ates the ubiquitination of at least five critical lysine residues of
Xicl and that ubiquitination of these sites is required for the
efficient degradation of Xicl. Interestingly, the critical lysine
residues for Xicl turnover are located directly downstream of
the PCNA binding domain and within the second XCdt2 bind-
ing domain of Xicl, suggesting that this might be a general
feature of ubiquitination by CRL4““*2, We postulate that this
organization of PCNA and XCdt2 binding to Xicl helps to link
Xicl ubiquitination to PCNA binding and DNA polymerase
switching.

p21 is ubiquitinated in a DNA-, PCNA-, and Cdt2-depen-
dent manner during the events of DNA polymerase switching/
elongation in the Xenopus egg extract. Our previous studies had
indicated that human p21 and p27 were not readily ubiquiti-
nated or degraded in the Xenopus interphase egg extract in the
presence or absence of DNA (our unpublished results). This
led us to speculate that the ubiquitination machinery in the
Xenopus egg extract might not support mammalian CDK in-
hibitor turnover or that the mechanisms regulating frog and
mammalian CDK inhibitor turnover were different. In light of
our current studies and recent studies (1, 17, 24), we now
postulate that the mechanisms regulating Cip/Kip-type CDK
inhibitor turnover in vertebrates are actually highly conserved,
while the substrate-binding domains of CRL-type E3s are
more divergent. Examination of the amino acid sequences of
human and frog Cul4A, DDB1, and PCNA demonstrate that
all share >90% amino acid similarity. In comparison, the con-
servation between human and Xenopus Cdt2 is significantly
lower (~65% similarity) (Fig. 7A). Because our previous and
current studies indicate that Xicl is targeted for ubiquitination
and proteolysis during DNA polymerase switching by CRL4*42)
we wanted to examine whether human p21 was also targeted
for proteolysis in a DNA-dependent manner during DNA
polymerase switching using the Xenopus extract system. Con-
sistent with recent studies, we found that in an in vitro binding
assay, p21 readily associated with human Cdt2 (hCdt2), while
human p27 did not (Fig. 7B) (1, 17, 24). Our studies also
suggested that while the PIP box of p21 (residues 144 to 151)
and residue F150, both being regions of p21 shown to be
essential for PCNA binding, were not required for Cdt2 bind-
ing, residues 156 to 161 of p21 directly downstream of the PIP
box were critical for human Cdt2 binding (Fig. 7C and D).
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FIG. 5. Both DDB1 and XCdt2 are required for Xicl turnover in the interphase egg extract. (A, top) Xicl degradation assay. HSS that was
not depleted (NOT DEPL), control depleted using nonspecific rabbit serum (CTRL DEPL), or immunodepleted (DDB1 DEPL) of DDB1 was
supplemented with (+) or without (—) single-stranded DNA, **S-Xicl, and assayed at the time points indicated. (Bottom) Samples of the treated
extracts were immunoblotted with anti-DDB1 antibody. (B) Quantitation of Xicl turnover. The mean percentage of Xicl remaining from two or
three independent experiments described in the legend to panel A is shown, where the 0-h time point was normalized to 100% of Xicl remaining.
SEMs are shown as error bars. (C, left) Xicl degradation assay. HSS that was not depleted (NOT DEPL), control depleted (CTRL DEPL), or
immunodepleted (CDT2 DEPL) of XCdt2 was supplemented with (+) or without (—) single-stranded DNA, *>S-Xic1, and assayed at the time
points indicated. (Right) Samples of the treated extracts were immunoblotted with anti-XCdt2 antibody. (D, top) Unprogrammed reticulocyte
lysate (Unprog. Lysate) or lysate programmed with XCdt2 was immunoblotted with anti-XCdt2 antibody. (Bottom) HSS immunodepleted of
XCdt2 as described in the legend to panel C was supplemented with **S-Xicl, single-stranded DNA, and unprogrammed reticulocyte lysate
(+Unprog. Lysate) or lysate programmed with XCdt2 (+CDT2 IVT) as indicated. Samples were analyzed at the indicated time points.
(E) Quantitation of Xicl turnover. The mean percentage of Xicl remaining from two or three independent experiments as described in the legends
to panels C and D is shown, where the 0-h time point was normalized to 100% of Xicl remaining. SEMs are shown as error bars for the sample
time points shown in panel C.

Additionally, residues 135 to 164 were sufficient for wild-type support p21 ubiquitination (Fig. 7F). This study suggests that
levels of binding to both PCNA and human Cdt2. Because our the ubiquitination of Xenopus Xicl and that of human p21 are
previous studies indicated that the Xenopus extract could not remarkably similar, both requiring DNA, Cdt2, and binding to
support p21 ubiquitination or proteolysis, we decided to “hu- PCNA. This study also suggests that like Xicl, the timing of
manize” the Xenopus extract by supplementing human Cdt2 p21 ubiquitination may also be during DNA polymerase
under the assumption that Xenopus Cdt2 did not readily sup- switching.

port p21 ubiquitination. As predicted, Xenopus extracts sup- Adjacent localization of Cdt2 and PCNA binding domains
plemented with buffer (XB ™) or unprogrammed rabbit reticu- on Xicl is not required for efficient Xicl turnover. Our studies
locyte lysate did not support p21 ubiquitination, while extracts suggest that within the Xicl C-terminal domain, the Cdt2 bind-
supplemented with in vitro-translated human Cdt2 exhibited ing region directly flanks the PIP box (PCNA binding motif) on
DNA-dependent ubiquitination and modest proteolysis of p21 either side. This places the Cdt2 binding domain, the PCNA
(Fig. 7E). Further studies indicated that the DNA-dependent binding domain, and the critical lysine residues of Xicl within
ubiquitination of p21 observed in the Xenopus extract supple- a small 33-amino-acid region (Xicl aa 161 to 193) we call the
mented with human Cdt2 required both PCNA and Cdt2 bind- “Xicl ubiquitination domain” (Fig. 8A). Similarly, our results
ing since the p21 mutants, F150A and A156 to 161, defective for p21 also indicate that the Cdt2 and PCNA binding domains
for PCNA and Cdt2 binding, respectively, were not ubiquiti- are directly adjacent to each other. These studies suggest that
nated (Fig. 7F). When the extract was supplemented with perhaps the organization of the Xicl ubiquitination domain
additional Xenopus Cdt2, p21 ubiquitination was observed, may be important to mediate some type of cooperation be-
suggesting that at higher concentrations, Xenopus Cdt2 can tween PCNA and Cdt2 in the ubiquitination of Xicl. Our
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FIG. 6. Xicl lysine residues adjacent to the PCNA binding domain are critical for efficient Xicl turnover. (A) Schematic representation
of Xicl, the PCNA and Cdt2 binding regions of Xicl, all the lysine residues of Xicl, and the targeted lysine-to-arginine mutations generated
within Xicl. The shaded portions indicate the CDK2-cyclin binding domain (left) and the PCNA binding domain (right). Wild-type Xicl and
seven Xicl mutants were generated containing lysine (K)-to-arginine (R, circled) mutations at specific residues as indicated. (B) Quantitation
of Xicl degradation assays. The *S-labeled Xicl wild type and mutants were incubated in LSS supplemented with Xenopus sperm chromatin or
HSS supplemented with ®X174 single-stranded DNA and analyzed at the time points indicated. The mean percentage of Xicl remaining from at
least three independent experiments is shown, where the 0-h time point was normalized to 100% of Xicl remaining. SEMs are shown as error bars
for each sample. Dependent sample or paired ¢ test analysis between KSR and WT, K6R, K8R, or K13R was performed. KSR versus WT, P values
of 0.01 (LSS) and 0.02 (HSS); KSR versus K6R, P value of 0.2 (LSS and HSS); K5R versus K8R, P values of 0.13 (LSS) and 0.04 (HSS); K5R versus
K13R, P value of 0.04 (LSS and HSS). (C) PCNA and Cdt2 coimmunoprecipitation assay. Immunoaffinity-purified PCNA (anti-PCNA) and XCdt2
(anti-CDT?2) from the egg extract were incubated with **S-labeled WT Xicl, K6R, and K13R. Normal rabbit serum was used as a negative control
for the immunoprecipitations, and samples were immunoblotted with antibody to Cdt2 or PCNA to confirm efficient immunoprecipitation of these
proteins. Input samples for the Cdt2 and PCNA immunoblots and for the **S-labeled Xicl are shown. (D) Xicl ubiquitination assay. **S-labeled
WT Xicl or mutants (K2R, K3R, K5R, K6R, K8R, K13R) were incubated in the HSS supplemented with 3 pg/wl methyl ubiquitin at 0 and 120
min. Monoubiquitinated Xicl species (Ub,,) are shown on the right, and molecular mass markers are shown in kilodaltons on the left. The asterisk
indicates a nonspecific in vitro translation product.

studies suggest that the minimal region of Xicl for wild-type structure of the C-terminal domain of p21 with PCNA, a con-
binding to PCNA includes residues 161 to 190, while the min- served isoleucine residue within Xicl (I184) predicted to me-
imal region of Xicl for wild-type binding to Cdt2 includes diate efficient binding to PCNA lies within the second Cdt2
residues 161 to 190 as well as additional N-terminal or C- binding domain of Xicl (11). This implies that the binding
terminal residues of Xicl. Additionally, based on the crystal regions for PCNA and Cdt2 are overlapping and suggests ei-



4128 KIM ET AL. MoL. CELL. BIOL.

A. T S:91% B.
TR (IR : o
Culda [ ] I | 86%
200 = RN
, S:85% a
cuian [N g EE
1 913 5 88 8
e e Y
Pyp gy pe S :65%
cdt> IR Al kil | 55%
1 738
S:96%
rena [ I:89%

1 261

@)
O
@
(2}
-
kel
i

CDK/Cyclin PCNA
GST Binding Binding

Y E © <+ J©
S WT I 15— 2 < T o © 8y
) F150A 5 — E ('7) — 2 8 I 5 58
& | a156-161  CommmT———m0 S8 zL g ooy
F15Vg,1 ' - an @ — W -XPCNA
- 5 —
P - I | I —
= 4192 e ‘ .- ®  [[5S]hCDT2
f 135-164 | = 5
© — N g e g @ | Ave % CDT2
135-164/ 0 CHO 8 &2 &3 95
A156-161
E. ;
p21: WT F150A A156-161
XCAt2: + + 4+ = = = = = = = = =
Unprog XB- hCdt2 hCdt2: = = = + + + + + + + + +
ssDNA: + + + + + + + + + - SSDNAT+ 4 = 4 4 =+ + = + + -
Time o o o o Tme! g d 8 s 8§ S 5 8859 d
min o 8 o2 o822 (min) : -220
46- zUbyg -97
Ubg s
= -Uby Uby.- 46
30- - Ub1 Ubs-& = -
Ubo - e -
Ubq-= == = -30

PoSIp21- M e - . - -

%p21 |8 2 & ] E & G .
remaining I —~ [58]p21C 7 | Q

FIG. 7. p21 is ubiquitinated during the events of DNA polymerase switching/elongation in the Xenopus egg extract. (A) Amino acid sequence
similarity between Xenopus and human Cul4a, Cul4db, DDBI1, Cdt2, and PCNA. Xenopus residue numbers are indicated at the bottom of the
sequence alignments, and the percentages of similarity (S) and identity (I) between the Xenopus and human proteins are shown on the right.
Xenopus Cul4a, the MGC115611 protein (gi 71679818), contains 200 additional residues in the N terminus compared to human Cul4a, so only
residues 200 to 858 of Xenopus Cul4a were compared in the alignment. (B) GST pulldown assay. GST, GST-p21, or GST-p27 proteins were
immobilized on glutathione-Sepharose beads and incubated with **S-hCDT?2. A total of 5% of the input hCdt2 is shown (5% input). (C) Schematic
representation of p21 mutants. CDK-cyclin and PCNA binding domains for untagged and GST-tagged p21 mutants are indicated. In the p21 point
mutant F150A, phenylalanine is replaced by alanine at residue 150. Mutant A156-161 contains a deletion of residues 156 to 161, while other
deletion mutants are named by the remaining residues of p21. (D) GST pulldown assay. (Top) GST or GST-p21 wild-type or mutant proteins were
bound to glutathione-Sepharose beads, followed by incubation with 10 pl of HSS in NETN buffer. The bead fraction was analyzed by immuno-
blotting with anti-hPCNA antibody (Santa Cruz), and 0.5 ul HSS was included as an input control (5% input). (Bottom) GST or GST-p21 wild-type
or mutant proteins were immobilized onto glutathione-Sepharose beads, followed by incubation with *>S-hCDT?2 and analysis by SDS-PAGE and
phosphorimaging. The average percentage of hCdt2 bound (ave % CDT2 binding) was calculated using results from 2 independent experiments
and was normalized to the level of hCdt2 binding to wild-type p21, which was set at 100%. (E) p21 ubiquitination and degradation assay. **S-labeled
wild-type p21 was incubated in HSS supplemented with 2.5 ul XB™ buffer, unprogrammed reticulocyte lysate (unprog; lysate programmed with
vector DNA), or in vitro-translated hCdt2 with (+) or without (—) single-stranded DNA (ssDNA). Samples were analyzed at time points between
0 and 180 min as indicated. Ubiquitinated p21 species (Ub,,) are shown on the right, and molecular mass markers are shown in kilodaltons on the
left. The percentage of p21 remaining at each time point was calculated as a percentage of the amount of p21 at the zero time point, which was
normalized to 100%. (F) p21 ubiquitination assay. >>S-labeled wild-type p21 (WT), the p2175°4 point mutant (F150A), or the p21241°°1¢! deletion
mutant (A156-161) was incubated in HSS supplemented with 2.5 wl in vitro-translated Xenopus Cdt2 (XCdt2) or human Cdt2 (hCdt2) as indicated
in the presence (+) or absence (—) of single-stranded DNA (ssDNA), followed by analysis at 0 and 120 min. Ubiquitinated p21 species (Ub,,) are
shown on the left, and molecular mass markers are shown in kilodaltons on the right.
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FIG. 8. Xicl turnover does not require the tandem arrangement of PCNA and Cdt2 binding domains. (A) Amino acid sequence alignment of
p21 (p21Cip1) and Xicl (p27Xicl). Cdt2 binding regions indicated by italicized amino acid residues and bold lines, the PCNA binding element
(PIP box) indicated by gray box, and critical lysine residues of Xicl indicated by underlining, italicizing, and boldfacing of amino acid residues.
(B) Schematic representation of mutant Xicl proteins. CDK2-cyclin and wild-type PCNA binding domains are indicated by dark gray shading,
while the [174A PCNA binding mutant is indicated by a white box. Xicl residue numbers are indicated below each schematic. The NPIP1 and
NPIP2 domains are fused to the N terminus of wild-type Xicl (WT-NPIP), Xicl-I174A (I174A-NPIP), or amino acids 1 to 160 of Xicl
(N160-NPIP) as indicated and includes Xicl amino acids 171 to 186 (TTPITDYFPKRKKILS) for NPIP1 and p21 residues 135 to 164 with an
internal deletion of residues 156 to 161 for NPIP2. The NPIP2 domain serves solely as a PCNA binding domain and does not retain the ability
to efficiently bind Cdt2. (C) GST pulldown assay. GST or GST-Xicl wild-type and mutant proteins (top, NPIP1; bottom, NPIP2) were immobilized
on glutathione-Sepharose beads and incubated with **S-labeled Xenopus Cdt2 (**S-XCDT2). The **S-XCdt2 input control (5% input) is shown in
lane 1. (D) Xicl degradation assay. (Top and middle) **S-labeled Xicl wild-type (WT) and mutant proteins (WT-NPIP2, 1174A, 1174A-NPIP2,
and N160-NPIP2) as indicated were incubated in HSS with (+) or without (—) single-stranded DNA for the indicated times, followed by
SDS-PAGE and phosphorimager analysis. Asterisks indicate internal initiation translation products. (Bottom) Quantitation of Xicl degradation.
The mean percentage of Xicl remaining from two (WT, WT-NPIP1, 1174A-NPIP1, and N160-NPIP1) or three (WT-NPIP2, I1174A, 1174A-NPIP2,
and N160-NPIP2) independent experiments as described above is shown, where the 0-h time point was normalized to 100% of Xicl remaining for
each sample. SEMs are shown as error bars. (E) Quantitation of Xicl binding to PCNA. GST or GST-PCNA proteins were immobilized on
glutathione-Sepharose beads and incubated with **S-labeled Xicl wild-type (WT) or mutant proteins (1174A, WT-NPIP1, 1174A-NPIP1, N160-
NPIP1, WT-NPIP2, 1174A-NPIP2, and N160-NPIP2). The average percentage of Xicl bound by GST-PCNA (% PCNA binding) is shown, where
values for WT Xicl and [174A are averages of results from 4 independent experiments, and the values of the NPIP mutants (WT-NPIP1,
1174A-NPIP1, N160-NPIP1, WT-NPIP2, 1174A-NPIP2, and N160-NPIP2) are averages of results from 2 independent experiments. SEMs are
shown as error bars.

ther that this particular arrangement may be important for for the PCNA and Cdt2 binding regions to be directly adjacent
cooperation between PCNA and Cdt2 or that the binding of to one another by separating the two domains. We reengi-
these two Xicl regulators may be mutually exclusive. To study neered Xicl so that the C-terminal PCNA binding region of
the organization of the Xicl 33-amino-acid ubiquitination do- Xicl was eliminated through a point mutation (I174A) while
main, we first asked a simple question of whether it was critical leaving the C-terminal Cdt2 binding region of Xicl intact (Fig.
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8B, C, and E). We next added an efficient PCNA binding site
to the N terminus of Xicl, which in the end we could more
easily achieve by using residues from p21 than by using resi-
dues from Xicl (Fig. 8B, C, and E). Initially, we utilized Xicl
residues 171 to 186 for fusion to the Xicl N terminus (NPIP1),
reasoning that this region included all the sequences predicted
to mediate PCNA binding (Fig. 8A and B). However, when
fused to Xicl-I174A or Xicl-N160 (containing the N-terminal
160 amino acids of Xicl and used as a control), this Xicl
mutant was not able to efficiently bind to PCNA, and as ex-
pected, it was not degraded (Fig. 8C to E). We then proceeded
to fuse p21 residues 135 to 164/A156 to 161 to the N terminus
of Xicl (NPIP2) and finally obtained a Xicl mutant which
could efficiently bind to both Cdt2 within its C-terminal do-
main and PCNA within its N-terminal domain (Fig. 8B, C, and
E). Contrary to our expectations, when the PCNA binding
domain was physically separated from the Cdt2 binding do-
main in the mutant 1174A-NPIP2, Xicl was still efficiently
degraded (Fig. 8D). The Xicl mutant N160-NPIP2, expressing
the PCNA binding domain from p21 at the Xicl N terminus
but missing the Xicl Cdt2 binding domain, was stabilized as
expected (Fig. 8D). These studies suggest that the specific
organization of adjacent or overlapping PCNA and Cdt2 bind-
ing domains within Xicl is not essential for Xicl turnover
during DNA polymerase switching. However, because Cip/
Kip-type CDK inhibitors are thought to be generally unstruc-
tured (26) and that it is possible that the Xicl protein could
bend to bring the amino and carboxyl termini into close prox-
imity and because trimeric PCNA has 3 binding domains for
Xicl, our studies cannot completely rule out some type of
cooperation between PCNA and Cdt2 in mediating Xicl turn-
over.

The C-terminal domain of Cdt2 binds directly to PCNA.
While the studies shown in Fig. 8 suggested that on the Xicl
molecule, the binding domains for PCNA and Cdt2 need not
exist adjacent to one another, we wanted to better understand
the binding dynamics between Xicl and PCNA or Cdt2 by
performing competitive binding studies with PCNA, Cdt2, and
Xicl. From these studies, we made the surprising discovery
that in the absence of Xicl, in vitro-translated Cdt2 can bind to
PCNA (Fig. 9B, middle, lane 2). Using bacterially expressed
and purified proteins, we show that PCNA binds directly to the
C terminus of Cdt2 (residues 401 to 710) (Fig. 9A, left, lanes 7
and 8). In contrast, Xicl appears to bind preferentially to the
Cdt2 N-terminal domain, when normalized to the Cdt2 input
(Fig. 4 and 9A, right). The studies shown in Fig. 4 suggested
that while the N-terminal domain of Cdt2 was sufficient for
both Xicl and DDBI1 binding, it could not promote Xicl turn-
over when added to the egg extract, suggesting that another
function of Cdt2 was required to mediate Xicl ubiquitination
and degradation. We postulate that this other function of Cdt2
required for Xicl turnover is direct binding to PCNA. Our
further studies indicate that Xicl can compete with Cdt2 for
binding to PCNA (Fig. 9B and C) and that PCNA can compete
with Xicl for binding to Cdt2 (Fig. 9D). Additionally, the
studies of the Xic1-1174A mutant, defective for PCNA binding,
suggest that Cdt2 bound to PCNA may not be able to bind to
Xicl (Fig. 9D) since the addition of PCNA could reduce Cdt2
binding to Xicl, despite our previous finding that Xicl-1174A
binds to Cdt2 like WT Xicl (Fig. 3C and D). Our studies
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suggest not only that Xicl binds to both PCNA and Cdt2
directly but also that there is a previously undescribed direct
association between PCNA and the C terminus of Cdt2. Ad-
ditionally, the competitive binding studies suggest that certain
interactions among Xicl, Cdt2, and PCNA are mutually exclu-
sive.

DISCUSSION

Based on our studies, we postulate that the ubiquitination
and degradation of Xicl requires the following steps: (i) PCNA
binding to the Xicl PIP box, (ii) PCNA binding to the Cdt2
C-terminal domain, (iii) Cdt2 binding to Xicl through two
elements located directly upstream and downstream of the
Xicl PIP box, and (iv) ubiquitination of Xicl by CRL4X42 at
five critical lysine residues within the second Cdt2 binding
domain. In our working model, we hypothesize that Xicl and
Cdt2 initially associate with different subunits of the PCNA
trimer in solution and on DNA (Fig. 10). It is unclear whether
CRLA4 components can themselves associate with DNA in the
absence of PCNA. Our studies have shown that Xicl can freely
associate with soluble PCNA and Cdt2 in the absence of DNA,
but the presence of DNA is essential to trigger Xicl proteol-
ysis. In our model, PCNA serves as a platform to nucleate both
the substrate and CRL4““%, while we postulate that DNA may
serve to trigger a conformational shift in PCNA. We hypoth-
esize that chromatin-bound PCNA is conformationally distinct
and provides the structural constraints necessary to bring a PIP
box-containing substrate like Xicl into functional proximity
with the CRL4“'? ubiquitin ligase.

Our past and current studies provide support for this model.
Our previous studies demonstrated that the proteolysis of Xicl
required DNA and binding to trimeric PCNA (6). Although
Xicl could bind to monomeric PCNA, this did not support
Xicl proteolysis in the Xenopus extract (6). Importantly, we
identified a direct interaction between PCNA and the C-ter-
minal domain of Cdt2. This finding is significant because pre-
vious models of PCNA- and CRLA““*-mediated ubiquitina-
tion of PIP box-containing substrates indicated that it was the
substrate, bound to PCNA on chromatin, that was required for
recruitment of the E3 (12, 15), while our studies suggest that
PCNA serves to recruit both substrate and CRL4<Y? directly
to DNA. Additionally, studies have demonstrated that Xicl
can associate directly with both PCNA and Cdt2 in the absence
of DNA, yet Xicl is ubiquitinated and degraded only when
bound to chromatin (6, 7, 10). This suggests that perhaps Xicl
cannot associate with both PCNA and Cdt2 simultaneously in
solution. Our studies identified overlapping binding domains
for PCNA and Cdt2, and our competitive binding studies sug-
gested that the binding dynamics among Xicl, PCNA, and
Cdt2 are complex and that certain associations may be mutu-
ally exclusive. While the role of DNA in the molecular mech-
anism of Xicl turnover is still unclear, one possibility is that
DNA binding alters the conformation of PCNA, CRLA4, or
both of these. Another possibility is that a chromatin-bound
factor mediates a posttranslational modification of one of
these components, thereby triggering a conformational change
and favoring a functional association between the substrate
and CRL4“"2, Further studies are necessary to fully under-
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FIG. 9. PCNA directly interacts with the C-terminal domain of XCdt2. (A) GST pulldown assay. Bacterially expressed GST, GST-XCdt2'=4%,
or GST-XCdt2"'-"1% was bound to glutathione-Sepharose and incubated with purified XPCNA (0, 5, 25, and 50 pg) or bovine serum albumin
(BSA; 0 and 50 pg) (left) as indicated and MBP-Xic1 (0, 5, 25, and 50 pg) (right), followed by staining with Coomassie blue. Protein bands were
identified by mass spectrometry and are labeled accordingly. Several bacterial contaminants were identified. “+” was identified as the bacterial
DnaK protein, and “*” was identified as the bacterial GroEL protein. (B) GST pulldown and competitive binding assay. Bacterially expressed GST
or GST-PCNA (5 pg) was bound to glutathione-Sepharose beads and incubated with 0 to 50 pg of purified MBP-Xicl or GST as indicated and
¥S-labeled wild-type XCdt2. (C) GST pulldown and competition study. GST or GST-PCNA was bound to glutathione-Sepharose beads and
incubated with 0 to 50 pg of purified MBP-Xicl as indicated. Following a washing step, samples were incubated with *3S-labeled XCdt2. (D) GST
pulldown assay and competitive binding assay. GST, GST-Xic1™7, or GST-Xic1""** bound to glutathione-Sepharose beads was incubated with
0 to 50 p.g of purified XPCNA and **S-labeled wild-type XCdt2. (B to D) Samples were analyzed by Coomassie blue staining and phosphorimaging.
(Left) Schematic representation of proteins analyzed in binding assays. (Right) The average relative Cdt2 binding values [relative Cdt2 binding
(%)] of results from at least 2 independent experiments are shown, where the “zero competitor” value was normalized to 100%.

stand the molecular dynamics of substrate ubiquitination by
PCNA and CRL4““ during DNA replication.

Subsequent to our finding that Xicl binding to PCNA was
required for its proteolysis during DNA replication initiation
(6), the turnover of other proteins, including the prereplication
complex protein Cdtl and the mammalian Cip-type CDK in-
hibitor p21, was shown to require PCNA binding during UV
damage and DNA replication (1, 2, 17, 24). Several of these
findings also indicated that these proteins were targeted for
ubiquitination by the CRL4“? ubiquitin ligase (1, 15, 17).
Initially, our finding that Xicl proteolysis strictly required
PCNA binding suggested that the mechanism of Xicl turnover
was different than the mechanism of mammalian CDK inhib-
itors such as p21. However, our studies and the recent studies
on p21 ubiquitination by CRL4““? clearly demonstrate that

the turnover of Cip-type CDK inhibitors is remarkably con-
served among higher eukaryotes (1, 17, 24).

In Xenopus, studies have shown that both Xicl and Cdtl are
targeted for proteolysis by the same PCNA- and DNA-depen-
dent mechanism during DNA replication initiation (2, 6).
However, recent studies suggest that there are notable differ-
ences between the ubiquitination of Xenopus Cdtl (12) and
Xicl by CRL4“Y2, First, Cdtl does not appreciably bind to
free soluble PCNA or Cdt2, while as mentioned above, Xicl
does bind efficiently to both soluble PCNA and Cdt2 (Fig. 2, 3,
7, and 9) (6). Second, efficient binding of Xicl to Cdt2 does not
require a PIP box but does require sequences both upstream
and downstream of the PIP box (Fig. 3 and 7), while Cdtl
binding to Cdt2 requires a specialized PIP box “degron” (PIP
degron), containing a specialized PIP box and a basic amino
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FIG. 10. Model for PCNA-mediated Xicl ubiquitination by CRL4““?, In our working model, we hypothesize that Xicl and Cdt2 can associate
to different subunits of the PCNA trimer in the absence of DNA. We postulate that in the absence of DNA, the binding of PCNA and Cdt2 to
Xicl and the binding of Xicl and Cdt2 to monomeric PCNA may be mutually exclusive. It is unclear whether the CRL4 ubiquitin ligase can
associate with DNA independently or what role this might play in CRL4 substrate ubiquitination. We propose the following three possible
scenarios for Xicl ubiquitination following the chromatin recruitment of PCNA in association with Xicl and Cdt2 (top) and a proposed PCNA
conformational shift: (1) Xicl dissociates from PCNA and binds to the N-terminal domain of PCNA-bound Cdt2, resulting in Xicl ubiquitination;
(2) chromatin-bound PCNA mediates a stable interaction among Xicl, Cdt2, and PCNA on DNA, resulting in Xicl ubiquitination; and (3) Cdt2
dissociates from PCNA and binds to Xicl, resulting in Xicl ubiquitination.

acid 4 residues downstream of the PIP box. Additionally, while
the PIP degron was sufficient for ubiquitination and degrada-
tion of Cdtl by CRLA“Y2, our studies have shown that this
minimal PIP degron is not sufficient for Xicl turnover (Fig. 8,
see the studies of Xic1-1174A-NPIP1 and Xic1-N160-NPIP2).
Thus, our data are more consistent with those studies that
demonstrate that Cdtl and p21 can bind to free soluble PCNA
in the absence of DNA and that the binding of Cdtl and p21
to Cdt2 does not require a PIP box (1, 13, 14, 17, 24).

During DNA replication, it appears that PCNA serves as the
hub for proteolysis of CRL4“% substrates, but how the order
of substrate ubiquitination is determined is not known. More-
over, many more substrates have been shown to be targeted for
proteolysis by CRL4““ in response to UV damage or during
a checkpoint, including p21, Cdtl, PCNA, fly E2F, worm DNA
polymerase v, and possibly Chkl (1, 15-17, 20, 24, 29, 34).
Again, how the ubiquitination of these various CRL4<“* sub-
strates is orchestrated by PCNA during DNA repair is unclear.
Because the ubiquitination of a CRL4“Y? substrate has not
been reconstituted from purified components, it is not known
whether other essential regulators may be required. However,
based on our studies, it is now clear that PCNA plays a direct
central role in mediating the ubiquitination of substrates by
CRLA,
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