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Ubiquitination and the degradation of the large subunit of RNA polymerase II, Rpb1, is not only involved in DNA
damage-induced arrest but also in other transcription-obstructing events. However, the ubiquitin ligases respon-
sible for DNA damage-independent processes in mammalian cells remain to be identified. Here, we identified Wwp2,
a mouse HECT domain ubiquitin E3 ligase, as a novel ubiquitin ligase of Rpb1. We found that Wwp2 specifically
interacted with mouse Rpb1 and targeted it for ubiquitination both in vitro and in vivo. Interestingly, the interaction
with and ubiquitination of Rpb1 was dependent neither on its phosphorylation state nor on DNA damage. However,
the enzymatic activity of Wwp2 was absolutely required for its ubiquitin modification of Rpb1. Furthermore, our
study indicates that the interaction between Wwp2 and Rpb1 was mediated through WW domain of Wwp2 and
C-terminal domain of Rpb1, respectively. Strikingly, downregulation of Wwp2 expression compromised Rpb1
ubiquitination and elevated its intracellular steady-state protein level significantly. Importantly, we identified six
lysine residues in the C-terminal domain of Rpb1 as ubiquitin acceptor sites mediated by Wwp2. These results
indicate that Wwp2 plays an important role in regulating expression of Rpb1 in normal physiological conditions.

Posttranslational covalent modification of cellular proteins
by ubiquitin has diverse physiological functions. The modifica-
tion regulates protein-protein interactions, transcriptional ac-
tivity, and protein subcellular localization, in addition to its
major role in targeting proteins for degradation through the
26S proteasome (5, 20). The ubiquitination process is mediated
by a sequential action of three enzymes: ubiquitin-activating
enzyme (E1), ubiquitin-conjugating enzyme (E2), and ubiq-
uitin-protein ligase (E3) (24, 27). Through direct interaction
with substrates, E3s play a critical role in determining enzy-
matic specificity during the ubiquitination reaction. E3s are a
large and diverse group of proteins including RING (for really
interesting new gene) finger-containing E3 or U-box (a mod-
ified RING motif without the full complement of Zn2� binding
ligands) E3, as well as the HECT (for homologous to E6-AP
carboxyl-terminus) domain E3. Some HECT domain E3 li-
gases have a common domain architecture: a N-terminal C2
domain, a WW domain, and a C-terminal catalytic HECT
domain (12, 15). The WW domain, having two conserved tryp-
tophan residues, mediates protein-protein interactions and is
known to bind specific proteins that contain a proline-rich
motif (3). WW domains also recognize phosphoserine- and
phosphothreonine-containing substrates (21). The HECT do-
main contains an active cysteine residue that transfers an ac-
tivated ubiquitin from E2 onto itself and then onto its sub-
strate, thus providing the ligase enzyme activity (13). Only a

few HECT domain E3 ligases have been found in yeast includ-
ing Rsp5 (11) and Tom1 (36). In contrast, many of these ligases
have been identified in mammalian species, including Smurf1/2
(26, 34), Itch (10), Nedd4 (8), WWP1 (19), and WWP2/Wwp2
(28, 42). These E3 ligases regulate many biological processes
(15). Human WWP2 was first cloned by Pirozzi et al. (28).
Experiments showed that WWP2 binds to and downregulates
the epithelial Na(�) channel (22). However, direct evidence
for its ubiquitin ligase activity is lacking. Previously, our group
identified Wwp2, a murine ortholog of WWP2, as an E3 ligase
of the POU domain transcription factor Oct-4. In addition, we
demonstrated that Wwp2 has ubiquitin ligase activity both in
vitro and in vivo and that an intact HECT domain is essential
for its enzymatic activity (42). Like other HECT domain E3
ligases, Wwp2 has an N-terminal C2 domain, a C-terminal HECT
domain, and four WW domains in the middle. Since most E3
ligases have more than one substrate, we reasoned that Wwp2
might have substrates in addition to Oct-4. In an effort to identify
more substrates of Wwp2, we performed affinity chromatography
using a glutathione S-transferase (GST) fusion protein of the
WW-HECT domains of mouse Wwp2 and cell lysate from mu-
rine F9 embryonal carcinoma cells. Unexpectedly, the large sub-
unit of RNA polymerase II, Rpb1, was found to interact with
Wwp2.

Rpb1 is essential for synthesis of mRNA (31, 32). One of its
unique features is that it possesses a carboxyl-terminal domain
(CTD) that consists of multiple repeats of the consensus hep-
tapeptide sequence YSPTSPS and functions throughout the
RNA polymerase II transcription cycle (6). This consensus
sequence is highly conserved from yeast to humans. However,
the number of repeats and deviations from the consensus se-
quence in the region near the C terminus seem to have in-
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creased through evolution. For example, the heptapeptide se-
quence is repeated 27 times in budding yeast but 52 times in
mammalian CTD. Furthermore, different from the yeast CTD,
the mammalian CTD has many variant heptads with substitu-
tions at position 7, particularly in its C-terminal half (heptads
27 to 52) (9, 30). Deletion studies in cultured cells have shown
that the CTD plays an essential role in transcription. CTD is
important for cell viability and development. Therefore, it is
not surprising that CTD is subject to a variety of posttransla-
tional modifications. Multiple modifications and conforma-
tions allow CTD to interact with distinct partners and targets
(2). During transcription, CTD undergoes characteristic
changes in its phosphorylation state. A 220-kDa form of Rpb1
(IIa) with a hypophosphorylated CTD preferentially binds pro-
moters. The IIa form shifts to a 240-kDa form (IIo) with a
hyperphosphorylated CTD upon promoter clearance and tran-
script elongation (7). On the other hand, DNA damage- and
transcription inhibition-induced ubiquitination of Rpb1 has
been implicated in transcription-coupled repair. In yeast,
HECT domain E3 ligase Rsp5 and peptide deformylase Def1
were required for Rpb1 ubiquitination in response to DNA
damage (1, 29, 33, 40). In addition to bulky DNA damage-
induced Rpb1 ubiquitination, Inukai et al. showed that hydro-
gen peroxide (H2O2) causes significant ubiquitination and pro-
teasomal degradation of Rpb1 by mechanisms that are distinct
from those used after UV irradiation. Most studies on Rpb1
ubiquitination have used DNA damage-induced models.
Therefore, experimental data on Rpb1 ubiquitination in the
constitutive condition are lacking. In fact, Rsp5 was first found
to target Rpb1 ubiquitination in the absence of DNA damage
(14, 16). The mammalian counterpart of Rsp5 has not been
clearly defined. A human WW domain-containing HECT do-
main E3 protein, Rpf1/hNedd4, was reported to bind and ubiq-
uitinate both yeast and human Rpb1 in vitro (1). However, a
relationship between hNedd4 and hRpb1 in vivo has not been
established. In the present study, we investigated the interac-
tion between mouse Rpb1 and Wwp2, a HECT domain E3
ligase closely related to Rsp5. We demonstrated that Wwp2
targets Rpb1 for ubiquitination both in vitro and in vivo. Im-
portantly, we have examined the effect of repressing Wwp2
expression on the steady-state protein levels or ubiquitination
of Rpb1 in F9 cells in normal conditions. In addition, the
ubiquitin modification sites of Rpb1 mediated by Wwp2 were
identified by biochemical study and mass spectrometric analy-
sis. Our results indicate that Wwp2 is indeed an ubiquitin E3
ligase of mammalian Rpb1 and may play an important role in
regulating Rpb1 functions.

MATERIALS AND METHODS

Plasmids. The cDNA sequence of mouse full-length Rpb1 was amplified by
reverse transcription-PCR using total RNA from CGR8 mouse embryonic stem
(ES) cells (kindly provided by Austin Smith) and cloned into pET-30a(�)
(Novagen), pGEX-4T-1 (Amersham Biosciences) or pcDNA3-Flag vectors.
Mouse Srg3 full-length cDNA sequence was amplified by PCR and cloned into
pET-30a(�) vector. For construction of CTD expression vectors, CTD of Rpb1
was amplified by using cDNA from CGR8 cells, and the PCR product was cloned
into pGEX-4T-1 vector, pcDNA3-EGFP-vector or pPyCAGIP vector. To make
CTDmk expression vectors, about 400 bp of DNA fragment with lysine residues
at 1859, 1866, 1873, 1887, 1908, and 1922 in Rpb1 mutated to arginine residues
was synthesized in Shanghai Sangon, Inc., and cloned into pGEX-4T-1-CTD or
pPyCAGIP-CTD vector to replace the wild-type sequence. Flag tag and nuclear
localization signal of simian virus 40 T antigen sequence were inserted into

pPyCAGIP-CTD and pPyCAGIP-CTDmk vectors, respectively. Plasmids used
for expression of Wwp2, Wwp2CA mutation, or individual Wwp2 domains have
been described previously (42). His-ubiquitin (Ub) expression vector pMT107
was kindly provided by Dirk Bohmann. His-Ub K0 mutation expression vector,
kindly provided by Richard Baer, expresses ubiquitin with all lysine residues
mutated to arginine residues. The pPyCAGIP-TetR vector was previously de-
scribed (38). Nineteen-basepair sequences, corresponding to enhanced green
fluorescent protein (EGFP; 5�-GGC TAC GTC CAG GAG CGC A-3�), Wwp2-1
(5�-CCG CCA GCC CAG AAT CAA C-3�), and Wwp2-2 (5�-GAT TCC TCT
ACC AGT CTT C-3�) were selected to generate pTER� vectors (kindly pro-
vided by Hans Clevers) for RNAi EGFP or RNAi Wwp2, respectively, as de-
scribed previously (37). The sequences of all constructs were verified by DNA
sequencing.

Antibodies. The antibodies used were as follows: N20 (Santa Cruz), C21
(Santa Cruz), H5 (Covance), H14 (Covance), 8WG16 (Covance), Tubulin
(Sigma), and antibodies to Flag epitope (Sigma), His epitope (Santa Cruz), GFP
epitope (Roche), and ubiquitin epitope (Cell Signaling). Antibodies to Wwp2
and GST were raised and affinity purified as described previously (42).

Fusion protein expression and affinity purification. GST and His fusion pro-
teins were expressed and purified according to the manufacturer’s instructions
from Amersham Biosciences and Novagen, respectively. GST or GST-Wwp2-
WW-HECT proteins were bound to glutathione immobilized on Sepharose
beads (Amersham Biosciences) in equal molar amounts. Beads were then incu-
bated overnight at 4°C with the whole-cell extract from F9 cells. Bound proteins
were washed and boiled in sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis loading buffer. After electrophoresis, the gel was stained with
Coomassie blue. Bands, present only in the GST-Wwp2-WW-HECT with F9 cell
lysate column, were excised for mass spectrometric analysis (25).

In-gel digestion of proteins and capillary high-performance liquid chroma-
tography mass spectrometric analysis for identification of ubiquitination sites.
Capillary high-performance liquid chromatography mass spectrometric analysis was
performed in an integrated system by the method described by Chen et al. (4).

Western blot analysis. Cells were lysed in coimmunoprecipitation (Co-IP)
buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 2 mM EDTA, 10% [vol/vol]
glycerol, 0.5% Nonidet P-40, 1 mM NaF, and 1 mM phenylmethylsulfonyl fluo-
ride [PMSF]). The protein concentration was determined by using the BCA
protein assay kit (Pierce). For experiments involving transient transfection, co-
transfected pSV-�-galactosidase plasmid (kindly provided by Richard Baer) was
used to normalize each sample. Western blot analysis was conducted by using
enhanced chemiluminescence (Pierce). All experiments were performed at least
three times and representative data are shown.

Cell culture and DNA transfection. HEK 293 cells (kindly provided by Richard
Baer) were cultured under standard conditions and transfected by using the
calcium phosphate method or Lipofectamine 2000 Reagent (Invitrogen). F9 cells
were grown as suggested by ATCC. CGR8, mouse ES cells, were cultured as
described previously (42). For tetracycline (Tc)-inducible RNA interference
(RNAi) stable cell lines, F9 cells or CGR8 cells were transfected with 40 �g of
pPyCAGIP-TetR (Tet repressor) plasmid by electroporation and selected with 1
�g of puromycin/ml. RNAi EGFP or RNAi Wwp2 vectors (40 �g) were subse-
quently introduced into the cells stably expressing TetR and were selected with
80 �g of zeocin/ml.

Co-IP and pull-down assay. For Co-IP, cell lysates were prepared in Co-IP
buffer and incubated with a specific antibody for 2 h at 4°C, followed by the
addition of protein A-Sepharose beads for another 2 h. For GST pull-down
experiments, GST fusion proteins bound with glutathione-Sepharose 4B beads in
equal molar amounts were incubated with His fusion proteins in TBS-N (20 mM
Tris-HCl [pH 7.6], 300 mM NaCl, and 0.1% NP-40) at 4°C for 2 h. Samples from
IP or GST pull-down assays were analyzed by Western blotting.

Ubiquitination assay in vivo and in vitro. For in vivo assays, HEK 293 cells
were transfected with pcDNA3-Flag-Rpb1, pPyCAGIP-Flag-CTD, or pPyCA-
GIP-Flag-CTDmk; pCMV-Wwp2 or pCMV-Wwp2CA; pMT107; and pSV-�-
galactosidase. At 48 h after transfection, cells were treated for 8 h with protea-
some inhibitor MG132 (20 �M) or dimethyl sulfoxide before harvest. For the
Rpb1 full-length ubiquitination assay, cells were lysed in radioimmunoprecipi-
tation assay lysis buffer (50 mM Tris-HCl [pH 7.6], 150 mM NaCl, 1% NP-40,
0.5% sodium deoxycholate, 0.1% SDS, 1 mM NaF, and 1 mM PMSF). Cell
lysates, normalized by �-galactosidase activity, were adjusted to a final concen-
tration of 1% SDS and boiled for 10 min. After dilution to a final concentration
of 0.1% SDS, the sample was immunoprecipitated with M2 beads (Sigma) and
analyzed by Western blotting with anti-His antibody. For the Rpb1 CTD ubiq-
uitination assay, cells were lysed in NP-40 lysis buffer (10 mM Tris-HCl [pH 8.0],
100 mM NaH2PO4, 600 mM NaCl, 1% NP-40, 1 mM NaF, and 1 mM PMSF).
Cell lysates, normalized by �-galactosidase activity, were adjusted to a final
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concentration of 8 M urea and 10 mM imidazole. Ubiquitinated proteins were
affinity purified on nitrilotriacetic acid His-bind resin (Novagen) and analyzed by
Western blotting with anti-Flag antibody. For ubiquitination of endogenous
Rpb1, the Tc-inducible Wwp2 RNAi F9 stable cell lines were treated with Tc or
ethyl alcohol for 3 days and then treated for 8 h with MG132 (20 �M) before
harvest. Cells were lysated in 1% SDS radioimmunoprecipitation assay buffer
and boiled for 10 min. After sonication, the lysates were diluted to a final
concentration of 0.1% SDS and normalized by protein concentration. The sam-
ples were then immunoprecipitated with 8WG16 or H14 antibody and analyzed
by Western blotting with anti-ubiquitin antibody.

In vitro ubiquitination assays were carried out as described previously (42)
with or without 26S proteasome (Calbiochem). K0 ubiquitin was used in in vitro
ubiquitination assays to identify ubiquitination sites by mass spectrometric anal-
ysis. For the ubiquitination of CTD mutation in vitro, the GST domain was
removed from GST-CTD or GST-CTDmk fusion protein through enzymatic
digestion by thrombin (Sigma).

Dephosphorylation of endogenous Rpb1. To dephosphorylate Rpb1, F9 cells
were lysed in Co-IP buffer without NaF and incubated with � PPase (New

England Biolabs) for 30 min at 30°C. Dephosphorylated extracts were used for
IPs with H14 or C21 antibodies.

RESULTS

Interaction between HECT domain E3 ligase, Wwp2, and
the large subunit of RNA polymerase II, Rpb1. To identify
novel substrates of Wwp2, we performed affinity chromatog-
raphy using bacterially expressed GST-WW-HECT (WW and
HECT domains of Wwp2) fusion protein and lysate from mu-
rine F9 embryonal carcinoma cells. As shown in Fig. 1A, one
band of 220 kDa was present only in the F9 lysate-containing
GST-WW-HECT column and was excised for mass spectro-
metric analysis, which indicated that the band contained the
large subunit of RNA polymerase II, Rpb1.

FIG. 1. Identification and characterization of the interaction between Wwp2 and Rpb1. (A) Coomassie blue staining of an SDS-
polyacrylamide gel electrophoresis gel containing the proteins from the indicated columns is shown. (B) GST pull-down assay to show that
Wwp2 binds to Rpb1 directly in vitro. (C) Co-IP assay in HEK 293 cells to show that Wwp2 binds to the CTD of Rpb1 specifically in vivo.
Whole-cell lysates (WCL) were immunoprecipitated (IP) with anti-Flag antibody and analyzed by Western blotting with antibodies as
indicated. (D) Association of endogenous Wwp2 with Rpb1 in F9 cells. The RNAi Wwp2-2 F9 cells were induced with Tc for 3 days and then
whole-cell lysates were subjected to immunoprecipitation with anti-Wwp2 antibody or control anti-GST antibody. (E) Association of
endogenous Wwp2 with Rpb1 using F9 cell lysate treated with or without � phosphatase (� PPase). The whole-cell lysates of F9 cells were
pretreated with � PPase and subjected to IP as D.
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To confirm the interaction between Wwp2 and Rpb1, a GST
pull-down assay was performed with bacterially expressed
GST-Rpb1 fusion protein and His-Wwp2 fusion protein. His-
Wwp2CA fusion protein that contains a mutation at residue
838 of cysteine to alanine in the HECT domain of Wwp2 was
also included in the assay. We have previously shown that
cysteine residue 838 in the HECT domain of Wwp2 is essential
for its enzymatic activity (42). Western blot analysis with anti-
His antibody indicated that immobilized GST-Rpb1, but not
GST alone, was able to pull down His-Wwp2. In addition, the
mutation at residue 838 from cysteine to alanine did not affect
its association with Rpb1 (Fig. 1B). Theses results indicate that
Wwp2 interacts with Rpb1 directly in vitro.

Next, we determined whether Wwp2 and Rpb1 interact in vivo.
Coimmunoprecipitation experiments were performed with lysates
from HEK 293 cells expressing Flag-Wwp2 or Flag-Wwp2CA and
EGFP-CTD or EGFP. The CTD of Rpb1 was used in this ex-
periment because it was easier to express than full-length Rpb1.
As shown in Fig. 1C, EGFP-CTD coimmunoprecipitated with
Flag-Wwp2 (lane 1, row 1). Mutation of cysteine to alanine at
residue 838 of the HECT domain of Wwp2 had no effect on the
association of Wwp2 with EGFP-CTD in vivo (lane 5, row 1). As
a negative control, EGFP alone did not coimmunoprecipitate
with Flag-Wwp2 or Flag-Wwp2CA, suggesting that the interac-
tion between EGFP-CTD and Flag-Wwp2 or Flag-Wwp2CA was
mediated specifically by CTD (row 3).

To prove that endogenous Rpb1 specifically coimmunopre-
cipitates with endogenous Wwp2, we derived stable F9 cell
lines that expressed Tc-inducible small interference RNAs
(siRNA) specifically targeting Wwp2 coding sequence. The
specificity of the siRNA was confirmed by Western blotting,
which showed that addition of Tc to the cell culture media
dramatically reduced expression of Wwp2 in the cells (Fig. 1D,
lane 2 in row 3), whereas the expression level of tubulin was
not affected. Next, proteins from F9 cell lysate were immuno-
precipitated with anti-Wwp2 antibody or anti-GST antibody,
and precipitated proteins were analyzed by using antibody
H14, or antibody C21, or anti-Wwp2 antibody and anti-tubulin
antibody (Fig. 1D). Interestingly, both hyperphosphorylated
and hypophosphorylated Rpb1 were readily detected in Wwp2-
antibody-immunoprecipitated complexes without Tc treat-
ment, although it seems that Wwp2 favored to form complex
with hypophosphorylated Rpb1 (compare row 1 and row 2 of
lane 4 in Fig. 1D). As a negative control, none of the used
antibody detected signal in GST-antibody precipitated proteins
(lane 3). Moreover, the fact that tubulin antibody did not
produce any signal in Wwp2 antibody-immunoprecipitated
proteins proves the specificity of our Wwp2 antibody (row 4 of
lane 4 and 5). Compellingly, treatment of cells with Tc signif-
icantly compromised the association between Wwp2 and Rpb1,
especially hypophosphorylated Rpb1. These observations
clearly confirm that Wwp2 and Rpb1 specifically form a stable
complex in living cells under physiological conditions. Al-
though H14 antibody is claimed to recognize hyperphosphory-
lated CTD of Rpb1, they may weakly recognize hypophosphory-
lated CTD as well. To exclude this possibility, F9 cell lysate was
treated with � phosphatase, and the expression levels of hypo-
phosphorylated and hyperphosphorylated Rpb1 were deter-
mined by Western blotting. As expected, treatment of cell
lysate with the phosphatase completely abolished H14 anti-

body-recognized signal, although C21-, Wwp2-, and tubulin-
antibody-recognized signals were not changed, suggesting that
the Western blot band detected by H14 antibody in our exper-
imental conditions is indeed hyperphosphorylated Rpb1 (Fig.
1E, lanes 1 and 2). Similarly, H14 antibody could not detect any
signal in Wwp2 antibody-immunoprecipitated proteins after
treatment with the phosphatase (row 1 of lane 5), suggesting that
the signal recognized by H14 antibody in Wwp2 antibody-immu-
noprecipitated proteins was indeed from hyperphosphorylated
Rpb1 (row 1 of lane 4). In contrast, � phosphatase treatment did
not affect the association of hypophosphorylated Rpb1 with
Wwp2. Taken together, our results demonstrate that Wwp2 spe-
cifically binds both hyper- and hypophosphorylated Rpb1 in the
cells. However, the phosphorylation state of Rpb1 might affect its
association with Wwp2, with the hypophosphorylated state of
Rpb1 favoring the complex formation.

Mapping the interaction domains in Wwp2 and Rpb1. GST
pull-down assays were performed to identify the domains me-
diating the interaction between Wwp2 and Rpb1. His-Wwp2
fusion protein and the GST-CTD of Rpb1 fusion protein were
expressed in bacteria and purified (Fig. 2A, bottom panel).
Western blot analysis showed that GST-CTD, but not GST
alone, was capable of binding His-Wwp2 in vitro, suggesting
that the CTD domain is sufficient to mediate the interaction
between Wwp2 and Rpb1 (Fig. 2A, top panel). On the other
hand, WW domain (including four WW domains) of Wwp2
was found to interact with Rpb1 (Fig. 2B). In contrast, the
HECT and C2 domains of Wwp2 did not bind Rpb1.

In addition, four WW domains of Wwp2 were individually
expressed and purified for GST pull-down experiments. The re-
sults showed that the second WW domain was the major domain
for mediating the association between Wwp2 and Rpb1 in vitro
(Fig. 2C). Furthermore, to test whether the negative results ob-
tained from the GST-WW1, -WW3, and -WW4 domains arose
from improper folding of these isolated domains, their interaction
with Srg3, a known substrate of Wwp2 (unpublished data), was
examined. As shown in Fig. 2C, GST-WW3 domain could bind
Srg3 with a similar efficiency to that of GST-WW2 domain. The
observation indicates that although WW domains have sequence
similarity and associate with proline-rich proteins, each domain
has a different specificity or affinity for protein interactions.

Wwp2 ubiquitinates Rpb1 both in vitro and in vivo. Our
group has previously demonstrated that Wwp2 has ubiquitin E3
ligase activity (42). To investigate whether the CTD of Rpb1 can
also serve as a substrate for Wwp2, an in vitro ubiquitination assay
was performed with purified proteins including GST-Wwp2,
GST-Wwp2CA, GST-CTD, His-ubiquitin, E1, E2 (UBcH6), and
GST. When ubiquitination reaction products were analyzed by
Western blotting with an anti-ubiquitin antibody, higher-molecu-
lar-weight species indicative of the addition of ubiquitin moieties
to GST-CTD were observed in the presence of E1, E2, ubiquitin,
and wild-type Wwp2 (Fig. 3A, left panel, lane 5). These ubiqui-
tinated products were GST-CTD dependent, since the ubiquitin-
ation signal was not seen in the absence of CTD (lane 6). In
addition, the ubiquitination signal disappeared when wild-type
Wwp2 was replaced with Wwp2CA, demonstrating that Wwp2-
mediated CTD ubiquitination was dependent upon an intact
HECT domain (lane 7), although mutation of the HECT domain
did not affect the interaction between Wwp2 and Rpb1, as dem-
onstrated in Fig. 1B and C. To further confirm that the ubiquitin-
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ated protein was indeed CTD, the same ubiquitination assay was
performed, and the reaction products were examined by Western
blotting with anti-Rpb1 antibody (C21). Similarly, the higher-
molecular-weight signals were detected in the presence of E1, E2,

ubiquitin, wild-type Wwp2, and CTD (Fig. 3A, right panel, lane 5)
and were absent when GST-CTD was replaced with GST (lane
6). Again, Wwp2CA did not ubiquitinate CTD (lane 7). These
data strongly demonstrate that CTD can serve as a substrate for
Wwp2-mediated ubiquitination in vitro and that its ubiquitination
requires normal activity of all three enzymes involved in the ubiq-
uitination reaction. Of note, the GST-CTD used in the ubiquitin-
ation assay was not modified by phosphorylation. Therefore,
Wwp2-mediated ubiquitination of CTD is not dependent upon its
phosphorylation.

The biological relevance of in vitro assays was further inves-
tigated by performing in vivo ubiquitination assays. HEK 293
cells were transiently transfected with expression vectors as
indicated. Cell lysate was immunoprecipitated with M2 beads
and precipitated Rpb1 was analyzed by Western blotting with
anti-His antibody. As shown in Fig. 3B, ubiquitination signal
was not detected when His-ubiquitin was cotransfected with
either Wwp2 or Flag-Rpb1 (lanes 1 and 2, top panel). How-
ever, coexpression of His-ubiquitin, Wwp2, and Flag-Rpb1 re-
sulted in Flag-Rpb1 ubiquitination (lane 3). Importantly, the
ubiquitin-modified Rpb1 was significantly enhanced when cells
were treated with MG132, a 26S proteasome inhibitor, before
harvest (lane 4), suggesting that some ubiquitinated Rpb1 is
normally degraded through the 26S proteasome. In contrast,
we did not detect any ubiquitinated Rpb1 when Wwp2CA was
coexpressed (lane 5), although some ubiquitinated Rpb1 was
observed when MG132 was used. However, the signal observed
with Wwp2CA mutation was much less compared to wild-type
Wwp2 (compare lanes 6 and 4) in the presence of MG132.
Ubiquitinated Rpb1 observed in lane 6 might result from hu-
man WWP2 or other E3 ligases endogenously expressed in
HEK 293 cells even in absence of DNA damage. The protein
levels for the exogenously expressed Wwp2 were shown in the
bottom panel of Fig. 3B. The lower band in Wwp2 Western
blot analysis might be degradation product of Wwp2 in HEK
293 cells. These results reveal that Wwp2 can function as an
ubiquitin E3 ligase for Rpb1 within cells and provides further
evidence for the importance of the cysteine at residue 838 of
the HECT domain in the enzymatic reaction.

Having established that Wwp2 can function as an E3 ubiq-
uitin ligase for Rpb1 both in vitro and in vivo, the next question
is whether Wwp2 is required for endogenously expressed Rpb1
ubiquitination in physiological conditions. To this end, ubiq-
uitin modification of endogenous Rpb1 in F9 cells expressing
Tc-inducible Wwp2 siRNA in the presence of Tc was com-
pared to that in the absence of Tc. The F9 cells were pretreated
with 26S proteasome inhibitor to block degradation of ubiq-
uitinated Rpb1, and then Rpb1 in cell lysate was immunopre-
cipitated with 8WG16 antibody, recognizing hypophosphory-
lated Rpb1, or H14 antibody, respectively, followed by
Western blot analysis with ubiquitin antibody. A high-molec-
ular-weight smear of ubiquitin signal was detected in both
8WG16 and H14 antibody immunoprecipitates when Tc was
not present (Fig. 3C). However, treatment of the F9 cells with
Tc dramatically knocked down Wwp2 protein level and, im-
portantly, the level of ubiquitinated Rpb1 simultaneously de-
clined. The Rpb1 protein level was not affected by Tc addition
due to the stabilizing effect of MG132 pretreatment. The re-
sults provide strong evidence for requirement of Wwp2 to
ubiquitinate endogenous Rpb1 protein in normal conditions.

FIG. 2. Interacting regions between Wwp2 and Rpb1. (A) The
ability of the Rpb1 CTD binds to Wwp2 was analyzed by GST pull-
down assay (top panel). Bacterially expressed fusion proteins were
stained with Coomassie blue (bottom panel). (B) The ability of various
truncated Wwp2 fusion proteins to bind His-Rpb1 was tested by GST
pull-down assay. (top panel). Various domains of Wwp2 were bacte-
rially expressed and were stained with Coomassie blue (bottom panel).
(C) The ability of the individual WW domains of Wwp2 to bind to
His-Rpb1 and His-Srg3 was detected by GST pull-down assay (top
panel). Bacterially expressed individual WW domains of Wwp2 were
stained by Coomassie blue (bottom panel).
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Wwp2 promotes degradation of Rpb1 through 26S protea-
some. The best-studied function of protein ubiquitin modifi-
cation is its role in protein degradation through the 26S pro-
teasome, although other functions for ubiquitin modification
have been discovered. To testify that ubiquitinated Rpb1 cat-
alyzed by Wwp2 can be degraded through 26S proteasome, 26S
proteasome degradation assay was performed with in vitro
Wwp2-ubiquitinated GST-CTD. As shown in Fig. 4A, GST-
CTD fusion protein is modified by ubiquitin in the presence of
E1, E2, ubiquitin, and GST-Wwp2 (lane 3). The ubiquitin
modification of GST-CTD was dependent on the presence of
GST-Wwp2 (no signal in lane 1). Interestingly, the ubiquitin-
ated GST-CTD entirely vanished when 26S proteasome was
included in the reaction (lane 4). This result clearly shows that
ubiquitinated GST-CTD mediated by Wwp2 was degraded
through 26S proteasome.

The physiological significance of the foregoing observations
was tested by studying the role of Wwp2 in regulating Rpb1
protein levels in mouse embryonic pluripotent stem cells. For this
purpose, we derived both F9 and CGR8 mouse ES cell lines that
stably expressed Tc-inducible siRNAs specifically targeting Wwp2
coding sequences. Two regions in the Wwp2 coding sequence
were targeted and are referred to as RNAi Wwp2-1 and RNAi
Wwp2-2, respectively. Multiple single clones for each targeted
region were selected to ensure the specificity of RNA interfer-
ence. RNAi EGFP stable F9 cell lines were also generated to be
used as Tc treatment control. We induced expression of RNAi
Wwp2-1, Wwp2-2, and EGFP by the addition of Tc to cell culture
media and compared Rpb1 protein levels in the absence or pres-
ence of Tc. Western blot analysis showed that addition of Tc
significantly reduced Wwp2 protein level for RNAi Wwp2-2 F9
cell line (Fig. 4B, middle row, lanes 3 to 8). Strikingly, total Rpb1

FIG. 3. Wwp2 ubiquitinates Rpb1 both in vivo and in vitro. (A) Wwp2 targets CTD of Rpb1 for ubiquitination in vitro. Various purified proteins as
indicated were incubated in ubiquitination buffer. Ubiquitinated CTD of Rpb1 was visualized by Western blotting with antibody against ubiquitin (left
panel) and CTD of Rpb1 (right panel). (B) Wwp2 enhances ubiquitination of Rpb1 in vivo. HEK 293 cells were transfected with expression vectors as
indicated. Cells were treated with or without proteasome inhibitor (MG132) before harvest. Exogenous Rpb1 was immunoprecipitated with anti-Flag
antibody from the denatured cell lysate and ubiquitinated Rpb1 was analyzed by Western blotting with anti-His antibody (top panel). Wwp2 expressed
in the cells was confirmed by immunoblotting with anti-Wwp2 antibody (bottom panel). (C) Wwp2 protein level regulates the ubiquitination level of
endogenous Rpb1 in F9 cells. RNAi Wwp2-2 F9 cells induced with or without Tc for 3 days were treated with MG132 before harvest. Endogenous Rpb1
was immunoprecipitated with its antibodies from the denatured cell lysate, and ubiquitinated Rpb1 was analyzed by Western blotting with anti-ubiquitin
antibody. Wwp2 expression levels in the cells were confirmed by immunoblotting with anti-Wwp2 antibody. Tubulin was used as loading control.
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protein levels in the cells, detected by N20 antibody, were in-
versely enhanced after addition of Tc (lanes 3 to 5, top row),
indicating that the downregulation of Wwp2 elevated Rpb1 pro-
tein levels. In contrast, addition of the same dosage of Tc to RNAi
EGFP F9 cells affected neither Wwp2 protein levels nor total
Rpb1 protein levels (Fig. 4B, lanes 1 and 2). These results indicate
that elevated Rpb1 protein levels were a result of reduced Wwp2
levels and not the addition of Tc. Of interest, Rpb1 protein levels
were much higher when cells were pretreated with MG132, re-
gardless of the absence or presence of Tc (Fig. 4B, lanes 6 to 8,
top row). This phenomenon implies that Rpb1 protein in F9 cells
is subject to degradation through the 26S proteasome under nor-
mal conditions.

The relationship between Wwp2 and Rpb1 was further as-
sessed by using Rpb1 antibodies specifically recognizing the
hyperphosphorylated forms, H14 and H5. Intracellular Wwp2
protein levels gradually decreased after induction of RNAi
expression in both RNAi Wwp2-1 and RNAi Wwp2-2 F9 cells,
and the reduction in Wwp2 levels was more evident with longer
induction (Fig. 4C). Meanwhile, protein levels for H14 and H5
antibody-recognized hyperphosphorylated Rpb1 were in-
creased. The similar result was obtained with N20 antibody.
These results suggest that Wwp2 may promote degradation of
Rpb1 in F9 cells and that the regulatory effect of Wwp2 on
Rpb1 levels was not dependent upon its phosphorylation state.

We next sought to determine whether Wwp2 has a similar
role in the maintenance of steady-state Rpb1 protein level in

another cell line. CGR8 ES cells stably expressing Tc-inducible
Wwp2 siRNA were used for this purpose. Seven repeats of
Wwp2-1 sequence were inserted into the siRNA expression
vector to enhance the efficiency of knocking down Wwp2 ex-
pression, while only single sequence was used for Wwp2-2
siRNA expression vector. Similarly to F9 cells, Tc treatment
induced significant reduction in Wwp2 protein levels in both
Wwp2-1(x7) and Wwp2-2 CGR8 ES cell lines. Inversely, H5
antibody- and H14 antibody-recognized hyperphosphorylated
Rpb1 and C21 antibody-recognized hypophosphorylated Rpb1
protein levels were gradually upregulated after Tc addition
(Fig. 4D). In contrast, protein level of tubulin remained un-
changed with Tc treatment. These data indicate that Wwp2
plays an important role in maintaining Rpb1 protein level at a
normal state in embryonic pluripotent stem cells.

Identification of lysine residues in Rpb1 that accept ubiq-
uitin. It is currently unknown which lysine residues in mam-
malian Rpb1 are modified by ubiquitination. Therefore, we
were keen to identify such modification sites in the GST-CTD
fusion protein, which has been demonstrated to be ubiquitin-
ated by Wwp2 in the present study. To this end, we performed
mass spectrometric analysis on reaction products from a ubiq-
uitination assay of GST-CTD by Wwp2. Six peptides contain-
ing ubiquitin-modified lysine residues were identified (Fig. 5A,
the modified lysine residues were italicized and labeled with an
asterisk). These were lysine residues at 1859, 1866, 1873, 1887,
1908, and 1922 of murine Rpb1.

FIG. 4. Wwp2 promotes degradation of Rpb1 through 26S proteasome. (A) Ubiquitinated GST-CTD catalyzed by Wwp2 can be degraded
through 26S proteasome. (B) Knocking down Wwp2 expression elevates the steady-state protein level of Rpb1 in F9 cells. The Tc-inducible RNAi
Wwp2 or RNAi EGFP stable cell lines established in F9 cells were treated as indicated. The whole-cell lysate was prepared, and the effect of Wwp2
RNAi on the steady-state level of Rpb1 was analyzed by Western blotting with antibody against Rpb1 (N20) (top row). The protein level of Wwp2
was measured by Western blotting with its antibody (middle row), and tubulin was used as a loading control (bottom row). (C) Wwp2 regulates
levels of both hyperphosphorylated and hypophosphorylated Rpb1 in RNAi Wwp2 F9 cells. (D) The steady-state protein level of Rpb1 is
upregulated when Wwp2 expression is knocked down in RNAi Wwp2 CGR8 cells.

5302 LI ET AL. MOL. CELL. BIOL.



To convincingly prove that these lysine residues are ubiq-
uitin acceptor sites for Wwp2-mediated Rpb1 ubiquitination,
we constructed bacterial expression vector which carried mu-
tation of the six lysine residues to arginine residues (GST-
CTDmk). After GST-CTD and GST-CTDmk fusion proteins
were expressed bacterially, the GST domain was removed by
enzymatic digestion to avoid lysine residues in the GST domain
being modified by ubiquitin. The CTD and CTDmk proteins
were purified and examined for their ubiquitin modification by
Wwp2. For clarity, a ubiquitin (K0) with its all seven lysine
residues mutated to arginine residues was used in this in vitro
ubiquitination assay. As shown in Fig. 5B, CTD was efficiently
ubiquitinated by Wwp2 when all components for the ubiquiti-
nation reaction were present (lane 2). However, little, if any,
ubiquitination was detected when CTD was replaced by CTDmk
(lane 3). Next, GST pull-down experiment was conducted be-
tween His-Wwp2 and GST-CTD or GST-CTDmk to verify that
GST-CTDmk was able to associate with His-Wwp2. As shown
in Fig. 5C, mutation of the six lysine residues in CTD did not
affect its interaction with Wwp2. This observation demon-
strates that the lack of ubiquitination for CTDmk was a result
of mutation of the lysine residues as the ubiquitin acceptor
sites but not due to a lack of interaction between the two
proteins. Next, we examined the requirement of the six lysine
residues in CTD for its ubiquitin modification in HEK 293
cells. Both Flag-tagged CTD and CTDmk were expressed in
HEK 293 cells together with Wwp2 and His-tagged ubiquitin.
MG132 at 20 �M was added to culture media 8 h before
harvest. The ubiquitinated proteins in cell lysate were isolated
by nitrilotriacetic acid affinity beads and analyzed by Western

blotting with anti-Flag antibody. Exogenously expressed Wwp2
and Flag-tagged CTD in whole-cell lysate were also measured
by Western blot analysis. As shown in Fig. 5D, His-ubiquitin
modified Flag-CTD was easily detected as a high-molecular-
weight smear. In contrast, there was not any ubiquitin modifi-
cation signal detectable for Flag-tagged CTDmk. Finally, we
wanted to know whether mutations of the six lysine residues in
the CTD of Rpb1 indeed lead to increases in the steady level
of CTD. To this end, the same amount of Flag-tagged CTD or
CTDmk was expressed in HEK 293 cells together with increas-
ing amounts of Wwp2. At 48 h after transfection, the steady-
state levels of wild-type CTD and mutated CTD in the cells
were analyzed by Western blotting. As shown in Fig. 5E, the
steady-state protein levels of Flag-tagged CTD were gradually
decreased with increasing protein level of Wwp2. However, no
significant reduction in CTDmk protein level was detected
when Wwp2 expression level was elevated. This result clearly
shows that CTD expression level is closely associated with
intracellular Wwp2 level. Overall, our data demonstrate that
the six lysine residues in the CTD of Rpb1 are essential for the
ubiquitination and degradation of CTD mediated by Wwp2
both in vitro and in vivo. Thus, we established, for the first
time, that six lysine residues in the CTD of Rpb1 could serve
as modification sites for Wwp2–mediated ubiquitination and
degradation.

DISCUSSION

In the present study, we identified Wwp2 as the first mam-
malian HECT domain ubiquitin E3 ligase that targets the

FIG. 5. Identification of ubiquitination sites in CTD. (A) Mass spectrometric analysis identified six peptides containing ubiquitinated lysine
residues in the CTD. Numbers represent the positions of these peptides in Rpb1. Modified lysine residues were italicized and labeled with an
asterisk. (B) The six identified lysine residues are essential for CTD ubiquitination in vitro. (C) The ability of GST-CTDmk to bind Wwp2 was
analyzed by GST pull-down assay (top panel). Bacterially expressed fusion proteins were stained by Coomassie blue (bottom panel). (D) CTD or
CTDmk of Rpb1 ubiquitination assay in HEK 293 cells. (E) Wwp2 regulates CTD protein level in HEK 293 cells. The constant amount of
Flag-CTD or Flag-CTDmk was cotransfected into HEK 293 cells, together with increasing amount of Wwp2. The protein levels of CTD and
CTDmk were determined by Western blot analysis. Cotransfected EGFP was used as a loading control.
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mammalian large subunit of RNA polymerase II, Rpb1, for
ubiquitination both in vitro and in vivo. Importantly, our study
demonstrates that Wwp2 interacts specifically with Rpb1, in-
dependent of DNA damage and phosphorylation state, leading
to its ubiquitination and degradation through 26S proteasome.
Furthermore, we show here that Wwp2 is essential for the
maintenance of Rpb1 steady-state protein levels in embryonic
pluripotent stem cells. These results indicate that Wwp2 play
an important role in regulating expression of Rpb1 in normal
physiological conditions.

The regulation of Rpb1 through posttranslational modifica-
tion is currently an exciting topic of study. At least three types
of posttranslational modifications have been identified for
Rpb1, i.e., phosphorylation, glycosylation, and ubiquitination
(17, 18, 29, 35). These modifications are likely to play impor-
tant roles in Rpb1 regulation. Extensive research has focused
on modification of Rpb1 by phosphorylation. Two major phos-
phorylation sites (serine 5 and serine 2) have been identified in
the CTD, and phosphorylation state correlates with the tran-
sition between transcription initiation and elongation. How-
ever, ubiquitination of Rpb1 has been mainly studied in a DNA
damage model. The ubiquitination of Rpb1 and its function in
normal conditions in mammalian cells have not been docu-
mented. It is worthy of note that Rpb1 ubiquitination and
degradation are not confined to situations in which there is
DNA damage. In budding yeast, Rsp5 binds and ubiquitinates
Rpb1 both in the absence and in the presence of DNA damage
(1, 14). It has been pointed out that Rpb1 ubiquitination is
likely to be a frequent event during transcription and also in
the absence of DNA damage (33, 35). Somesh et al. provided
evidence for damage-independent transcription arrest leading
to Rpb1 ubiquitination in yeast (33). However, the factors
responsible for such Rpb1 ubiquitination and degradation in
vivo have not been characterized in mammalian cells. In the
present study, we demonstrated that Wwp2 specifically binds
and ubiquitinates Rpb1 in vitro and in vivo, independently of
DNA damage. The easily detected association of Rpb1 with
Wwp2 and its ubiquitination in normal F9 cells further sup-
ports the notion that at least a subset of Rpb1 is constitutively
subjected to ubiquitin modification. Although we show here
that Wwp2 specifically formed complex with both hypo- and
hyperphosphorylated forms of endogenous Rpb1, the observa-
tion that the percentage of hypophosphorylated Rpb1 associ-
ated with Wwp2 was higher than that of hyperphosphorylated
Rpb1 (Fig. 1D and E) suggests the phosphorylation state of
Rpb1 might affect its interaction with Wwp2. Interestingly,
Wwp2 shares several features with yeast Rpb1 ubiquitin ligase,
Rsp5. The common features include (i) having a C2 domain at
the N terminus, a WW domain in the middle, and a HECT
domain at the C terminus; (ii) binding and ubiquitinating Rpb1
independent of its phosphorylation state; (iii) WW domain
mediating association with Rpb1; (iv) active-site cysteine in
HECT domain being essential for ubiquitin ligase activity; (v)
26S proteasome being involved in degradation of Rpb1; (vi)
repression of their expression in vivo leading to an elevated
steady-state level of Rpb1; and (vii) the CTD of Rpb1 being
sufficient for binding to them. These features make Wwp2 a
most likely mammalian counterpart of yeast Rsp5 for mediat-
ing Rpb1 ubiquitination and degradation constitutively. In
present study, we provide convincing evidence to confirm the

importance of Wwp2 to Rpb1 protein level and ubiquitination,
including the findings that (i) Wwp2-mediated CTD ubiquitin-
ation could be degraded through 26S proteasome in vitro (Fig.
4A); (ii) the ubiquitination of endogenous Rpb1 in F9 cells was
substantially reduced when Wwp2 expression was repressed
(Fig. 3C); and (iii) knocking down expression of endogenous
Wwp2 in both F9 and CGR8 ES cells significantly elevated the
steady-state Rpb1 protein levels for both hyper- and hypophos-
phorylated forms (Fig. 4B, C, and D). Nevertheless, our iden-
tification of Wwp2 as a novel E3 ligase of mammalian Rpb1
does not preclude that other E3 ligases play a role in the
regulation of Rpb1 functions.

The CTD is an essential domain for Rpb1 function and
couples transcription with histone modification, mRNA cap-
ping, splicing, and polyadenylation. Phosphorylation and gly-
cosylation of Rpb1 have both been mapped to the CTD (2). It
was particularly interesting for us to determine whether ubiq-
uitination of Rpb1 mediated by Wwp2 maps to this important
domain of Rpb1. The mammalian CTD contains eight lysine
residues, which are all located in the C-terminal third of the
CTD (comprising heptapeptide repeats 35 to 52) (39). Here,
we identified six lysine residues as ubiquitin modification sites
in the CTD of mammalian Rpb1 through both mass spectro-
metric analysis and ubiquitination assay using CTD having six
lysine residues mutated to arginine residues (Fig. 5). Identifi-
cation of the ubiquitinated lysine residues in mammalian Rpb1
will aid in elucidating the molecular mechanisms responsible
for Wwp2 regulation of Rpb1 function, as well as the effect of
ubiquitination on Rpb1 function. The functional relevance of
these six lysine residues is currently under investigation. Con-
sistent with our study, Mitsui et al. showed that a GST-CTD
fusion protein of yeast Rpb1, but not GST alone, was phos-
phorylated and ubiquitinated when incubated with HeLa cell
nuclear extract and ATP, suggesting that the CTD was ubiq-
uitinated (23). In contrast, Somesh et al. reported a ubiquitin-
ation site at yeast Rpb1 lysine 695, located outside of the CTD,
by use of a reconstituted ubiquitination reaction and mass
spectrometric analysis (33). Our study provided direct evi-
dence that six lysine residues in the CTD of mammalian Rpb1
can serve as ubiquitin acceptor sites in Wwp2-mediated Rpb1
ubiquitination. However, only CTD was included in our study.
Other lysine residues out of the CTD in Rpb1 might also be
modified by Wwp2-mediated ubiquitination. Therefore, the
possibility that different ubiquitin ligases catalyze ubiquitin-
ation at distinct lysine residues under different circumstances
deserves further investigation.

Functional consequences of interactions between ubiquitin
E3 ligases and Rpb1 may not be restricted to control of Rpb1
levels available for transcription. Interactions of Rpb1 with
ubiquitin E3 ligases may also affect its modifications by other
factors. For example, it has been known that both Rsp5 and
Ess1, an essential yeast prolyl-isomerase, bind Rpb1 directly
through their WW domains in such a way that the binding of
Rsp5 with Rpb1 antagonizes the binding of Ess1 with Rpb1
(41). More interestingly, E3 ligases associated with Rpb1 may
recruit other nuclear proteins, such as kinases, phosphatases,
or methylases, to further modify Rpb1, and possibly nearby
histone proteins, which in turn would lead to chromatin re-
modeling. Alternatively, E3 ligases may serve as binding
bridges between transcription factors and Rpb1 to regulate
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specific gene expression. We have demonstrated that Wwp2
interacts with the transcription factors Oct-4 and Rpb1. There-
fore, it will be very interesting to know whether Oct-4, Wwp2,
and Rpb1 can form a ternary complex at an Oct-4 binding
DNA consensus sequence. If such a ternary complex exists, it
may play a role during transcriptional activation or repression
of Oct-4 downstream genes. Identification of more Wwp2-
associated proteins will shed light on the molecular mecha-
nisms by which Wwp2 regulates the functions of Rpb1 and
Oct-4.
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