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ABSTRACT: Lysine-63-linked polyubiquitin chains are not thought to signal protein degradation but instead
signal for a variety of cellular processes including some types of DNA repair. RNA polymerase (Pol) II
is polyubiquitinated following DNA damage or upon treatment of nuclear extracts with the transcription
inhibitor R-amanitin. Here, we report, using a reactionin Vitro, that transcription-dependent polyubi-
quitination of RNA Pol II consists of lysine-63-linked chains. This modification is specific for RNA Pol
II engaged in active transcription and arrested byR-amanitin.

Transcription-coupled DNA repair ensures that actively
transcribed genes are repaired more efficiently than the rest
of the genome (1-3). This specialized repair pathway is
important for removing lesions that stall transcription and
is, in fact, initiated by the arrest of RNA polymerase (Pol)1

II at the site of DNA damage (4-7). Repair factors are
consequently recruited to the DNA lesion. Among these is
the transcription factor (TF)IIH complex composed of many
subunits including xeroderma pigmentosum (XP) proteins
XPB and XPD (8, 9). It is known that mutations in Cockayne
syndrome (CS) proteins CSA and CSB, which lead to
deficiencies in transcription-coupled repair (10, 11), cause
severe developmental problems in patients (12). Ultraviolet
(UV) radiation and cisplatin, which induce DNA lesions
preferentially repaired by transcription-coupled repair, also
trigger ubiquitination of RNA Pol II (13, 14). This does not
occur in CSA and CSB cells, suggesting a role for this
modification in signaling for DNA repair (13). Further, a
direct link between Pol II ubiquitination and transcription
arrest was demonstrated when ubiquitination of Pol II was
inducedin Vitro by the addition of cisplatin-damaged DNA
in a transcription-dependent manner (15).

Proteins that undergo ubiquitination are targeted for
different cellular destinies (16, 17). The majority of poly-
ubiquitin chains occurs via lysine 48 of ubiquitin, and this
targets proteins for proteasome-mediated degradation (18,
19). Polyubiquitination on lysine 63, which is less-studied,
has a nondegradative role and is involved in alteration of
protein function or recruitment of proteins for different
cellular processes (20), such as in error-free postreplicative
DNA repair by proliferating cell nuclear antigen (PCNA)
(21, 22) and in the activation of IκBR kinase in the NFκBR
signaling pathway (23, 24). Interestingly, breast cancer
susceptibility protein (BRCA)1, a ubiquitin ligase of sub-
strates including Pol IIin Vitro (25, 26), does not form the
conventional lysine-48-linked polyubiquitin chains (27) but
auto-ubiquitinates via lysine-6-linked chains (28).

The function of Pol II ubiquitination is not clear. It has
been hypothesized that ubiquitination could promote DNA
repair by targeting the Pol for degradation to allow access
of repair factors to the lesion (13). Alternatively, it could
facilitate degradation and hence the removal of Pol II in the
absence of DNA repair (29). Evidence from yeast revealed
that Pol II is ubiquitinated and degraded in the absence of
Rad26 (CSB homolog)-mediated transcription-coupled repair
(30). In contrast, the level of Pol II in normal or XP cells
lacking global genome repair (14) but not in CS cells lacking
transcription-coupled repair (31) decreased an hour after UV
irradiation. These and other conflicting lines of evidence
between yeast and human cells with respect to transcription-
coupled repair suggest a more complex biochemistry for Pol
II ubiquitination, which may not be conserved between the
two species. CSA, for which there is currently no yeast
homologue, has recently been identified to be a ubiquitin
ligase (32).

We have previously demonstrated that Pol II is ubiquiti-
nated in Vitro in response to transcription inhibition by
R-amanitin and cisplatin-damaged DNA (15). This reaction
was most active in nuclear extracts prepared from S-phase
cells arrested by aphidicolin treatment (15). Degradation of
ubiquitinated Pol II was not observedin Vitro (15), although
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treatment of cells withR-amanitin induced Pol II degradation
in ViVo (33). To investigate the cellular fate of ubiquitinated
Pol II and its potential role in signaling for transcription-
coupled repair, we examined the nature of the polyubiquitin
chains formed on Pol II upon transcription inhibition, using
a previously establishedin Vitro assay. Because both
R-amanitin and globally cisplatinated DNA induced tran-
scription-dependent ubiquitination of Pol II to a similar extent
(15), we usedR-amanitin, which inhibits Pol II during
elongation (34, 35), to induce a consistent amount of
ubiquitination. We found that amanitin-dependent ubiquiti-
nated Pol II is polyubiquitinated on lysine 63 of ubiquitin,
suggesting a nondegradative signaling role during transcrip-
tion inhibition. We propose that lysine-63-linked polyubi-
quitin chains may be involved during DNA damage in
signaling for downstream factors that alleviate the transcrip-
tional blockage, such as repair proteins.

EXPERIMENTAL PROCEDURES

Plasmids.Histidine-tagged ubiquitin (Ub) His-K48RUb
and His-K63RUb were constructed by subcloning the open-
reading frame of ubiquitin into pQE30 (Qiagen), which
contains a His6 tag. The cDNAs encoding wild type (WT)
Ub and mutant K48R Ub were amplified by polymerase
chain reaction (PCR) from the parental vectors pDG268 and
pDG279, respectively, kind gifts of Dr. D. Gray (36). The
primers for both sequences were forward primer, 5′-GCG
GAT CCC AGA TCT TCG TGA AAA CC-3′, and reverse
primer, 5′-CGT CAA GCT TAA CCA CCT CTC AGA CG-
3′

The PCR products were restricted withBamHI and
HindIII, ligated into the respective restriction sites in pQE30,
and designated as pQE30-HisUb and pQE30-HisK48RUb.

His-K63RUb was constructed from pQE30-HisUb. The
nucleotide sequence encoding a truncated region of ubiquitin
where aSalI restriction site naturally occurs was amplified
by the same forward primer as above and the following
reverse primer, introducing the lysine 63 mutation: 5′-GCA
GGG TCG ACT CGC GCT GGA TGT TGT AGT C-3′

The PCR product was digested withBamHI andSalI and
ligated into the larger fragment of pQE30-HisUb excised by
the same enzymes, to give pQE30-HisK63RUb.

HA-tagged WT and mutant ubiquitin were amplified from
pQE30-WTHisUb, pQE30-HisK48RUb, and pQE-HisK63RUb
with the following primers: forward primer incorporating a
hemaglutinin (HA) tag andNdeI restriction site, 5′-CGG
AAT TCA TAT GTA CCC ATA CGA TGT TCC AGA
TTA CGC TCA GAT CTT CGT GAA AAC C-3′, and
reverse primer incorporating aBamHI site, 5′-GCG GAT
CCT TAA CCA CCT CTC AGA CG-3′.

The PCR products were digested withNdeI and BamHI
and ligated into similar restriction sites in pET3a (Novagen).
All plasmids were verified by DNA sequencing.

Expression and Purification of His-Tagged and HA-
Tagged Ubiquitin Proteins.pQE30 expression vectors were
transformed intoEscherichia coliDH5 R strains, whereas
the pET3a vectors were transformed into BL21 DE3 strains.
Luria-Bertani (LB) media were inoculated with bacteria
harboring the various plasmids, and cultures were grown to
an optical density (OD)600 of 0.6 prior to induction of protein
expression with 0.5 mM isopropyl-â-D-thiogalactopyranoside

(IPTG). Cultures were grown for another 2 h before
harvesting. His-tagged proteins were isolated using Ni-NTA
agarose, following the native protein purification protocol
from Qiagen. HA-tagged proteins were isolated using anti-
HA-affinity agarose and eluted with a HA peptide (Roche).
Proteins were quantified using the Pierce BCA kit and
confirmed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and Western blot against the
His and HA tags.

Ubiquitination Assays.Nuclear extracts were prepared
from cells arrested in the G1/S phase by aphidicolin (15).
Ubiquitination assays were performed essentially as described
(15). Nuclear extracts (60-70 µg) were preincubated in the
presence or absence of 5µM R-amanitin (Calbiochem) at
30 °C for 15 min in 10 mM HEPES-KOH (pH 7.9), 10%
glycerol (v/v), 60 mM KCl, 7 mM MgCl2, 0.1 mM
ethylenediaminetetraacetic acid (EDTA), 12µg/mL polyI‚
C, 2µg/mL polydG‚dC containing 7 mM dithiothreitol, and
1 µg of DNA template (pG5MLP-G380 containing a major
late promoter and a 380-nucleotide G-less cassette). Reac-
tions were incubated for a further 20, 30, or 40 min after
addition of 1 mM ATP, 10 mM creatine phosphate, C/G/
UTP mix (200 µM each), and 1.25µg of His-tagged
ubiquitin. The preincubation step was included to allow
sufficient binding ofR-amanitin to Pol II for a complete
inhibition of transcriptionin Vitro. A total of 20µM protease
inhibitor lactacystin (Calbiochem) or 5µM ubiquitin alde-
hyde (Calbiochem) was added to the reactions during the
preincubation step where indicated. For inhibition assays,
various concentrations of recombinant HA-tagged or un-
tagged versions (Calbiochem) of WT/mutant ubiquitin or
methylated ubiquitin (Calbiochem) were added to the reaction
in the presence of His-tagged ubiquitin.

Upon completion of the reactions, His-ubiquitinated
proteins were isolated by incubating at 4°C for 1 h with 20
µL of Ni-NTA agarose (Qiagen) in a final volume of 200
µL in buffer A [50 mM sodium phosphate (pH 7.9), 0.3 M
NaCl, and 0.05% Tween 20 (v/v)] containing 10 mM
imidazole. The Ni-NTA agarose was preblocked with 1 mg/
mL bovine serum albumin prior to use. After low-speed
centrifugation (735g), the Ni-agarose beads containing His-
ubiquitinated proteins were washed twice with 1 mL of buffer
A containing 50 mM imidazole. Ni-bound proteins were
eluted by boiling agarose in SDS-loading buffer [20 mM
Tris-HCl (pH 6.8), 10% glycerol (v/v), 100 mM 2-mercap-
toethanol, 1% SDS (w/v), and 0.02% bromophenol blue (w/
v)] containing 0.1 M EDTA (pH 7.0). The supernatants were
analyzed by 7.5% SDS-PAGE, followed by electrotransfer
to Immobilon-P membranes (Millipore). The protein content
was determined by immunoblotting against either the N
terminus of RNA Pol II (N20 polyclonal antibody from Santa
Cruz Biotechnology), or the His tag (mouse ascite fluid from
Amersham Pharmacia).

To test the transcription dependence of ubiquitination, the
assay was performed as described above but with 1µg of
anti-TFIIB (monoclonal affinity purified, Transduction Labo-
ratories) or anti-c-myc (monoclonal affinity purified, Upstate
Biotechnology) added at the preincubation step. Anti-TFIIB
suppresses transcription at the preinitiation stage (37),
whereasR-amanitin inhibits transcription elongation by
blocking the transition in Pol II conformation on DNA, after
the formation of a phospho-diester bond (34, 35).
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RESULTS

Transcription-Dependent Ubiquitinated Pol II Is Stable.
Pol II levels have been observed to decrease upon UV
irradiation of cells. We therefore investigated the stability
of Pol II upon ubiquitinationin Vitro. Using nuclear extracts
prepared from aphidicolin-treated cells, reactions were pre-
incubated withR-amanitin and then incubated for a further
time interval. At 20 min, Pol II was ubiquitinated to a similar
degree in the presence (lane 4 of Figure 1a), or absence (lane
3 of Figure 1a) ofR-amanitin, as indicated by the low-
mobility diffuse bands. These bands were not observed when
His-tagged ubiquitin was not included in the reaction (lane
2 of Figure 1a), confirming ubiquitination. As observed
previously (15), in the absence of His-tagged ubiquitin (lanes
1 and 2 of Figure 1a), nonspecific binding of Pol II onto
Ni-NTA beads was also detected.

In the presence of amanitin, the level of ubiquitinated Pol
II persisted and was stable over the 30- and 40-min
incubations (lanes 6 and 8 of Figure 1a, respectively).
However, in the absence of amanitin, the level of ubiquiti-
nated Pol II declined after 30 and 40 min (lanes 5 and 7 of
Figure 1a). This decrease in the level of ubiquitinated Pol II
was probably a result of deubiquitination activity because it
was inhibited by addition of aldehyde-treated ubiquitin.
Under these conditions, the amount of Pol II ubiquitinated
in the absence (lanes 10, 12, and 14 of Figure 1b) and
presence (lanes 11, 13, and 15 of Figure 1b) of amanitin did
not change over time.

Pol II Is Polyubiquitinated on Lysine 63 of Ubiquitin.We
next characterized the nature of the stable species of

amanitin-dependent ubiquitinated Pol II. All subsequent
experiments were performed with an incubation time of 40
min underin Vitro transcription conditions. We tested the
effect of different His-tagged ubiquitin mutants on Pol II
ubiquitination in the presence of lactacystin, a proteosome
inhibitor. In comparison with WT ubiquitin (lane 3 of Figure
2a), addition of K48R ubiquitin had no effect on the level
of Pol II ubiquitinated uponR-amanitin treatment (lane 5 of
Figure 2a). On the other hand, addition of K63R ubiquitin
virtually abolished Pol II ubiquitination (lane 7 of Figure
2a). This suggests that lysine 63 is required for amanitin-
dependent ubiquitination of Pol II. Addition of either
ubiquitin mutant had a negligible effect on ubiquitination in
the absence of amanitin (lanes 4 and 6 of Figure 2a). We
note that the early, amanitin-independent species was not
inhibited by either lysine 48 or lysine 63 or double mutations
of ubiquitin (not shown).

To rule out the possibility that K63R ubiquitin may be a
nonfunctional protein, we analyzed ubiquitinated material
from the same reactions after selection on Ni agarose by
immunoblotting against the His tag. The levels of ubiquiti-
nated proteins in reactions containing WT ubiquitin (lanes
9 and 10 of Figure 2b) and K63R ubiquitin (lanes 13 and 14
of Figure 2b) were similar, confirming that K63R ubiquitin

FIGURE 1: Ubiquitination of Pol II is a dynamic process. Thein
Vitro ubiquitination assay was conducted in the (a) absence and
(b) presence of ubiquitin aldehyde. Reactions were preincubated
with and withoutR-amanitin as indicated, followed by a further
incubation with His-tagged ubiquitin for 20 (lanes 3, 4, 10, and
11), 30 (lanes 5, 6, 12, and 13), and 40 min (lanes 7, 8, 14, and
15). Ubiquitinated proteins were then selected on Ni-NTA agarose
and analyzed by SDS-PAGE, followed by immunoblotting against
the N terminus of Pol II (antibody N20, Santa Cruz Biotechnology).
Lanes 1 and 9, starting material (SM); and lane 2, ubiquitination
with R-amanitin in the absence of His-Ub. FIGURE 2: K63R ubiquitin mutant suppresses Pol II polyubiquiti-

nation. After a preincubation in the absence and presence of
R-amanitin as indicated, nuclear extracts were incubated for 40 min
with His-tagged WT ubiquitin (lanes 2, 3, 9, and 10) and His-K48R
(lanes 4, 5, 11, and 12) and His-K63R mutants (lanes 6, 7, 13, and
14) in the presence of a proteasome inhibitor, lactacystin. The Ni-
selected proteins were analyzed by SDS-PAGE and Western blot
against (a) an antibody to Pol II and (b) an antibody against the
His tag. Lanes 1 and 8, SM.

Lysine-63-Linked Ubiquitination of RNA Pol II Biochemistry, Vol. 43, No. 48, 200415225



was used as efficiently as WT ubiquitin in modification of
most endogenous proteins. Overall ubiquitination with the
K48R mutant was greatly diminished (lanes 11 and 12 of
Figure 2b), indicating that, unlike Pol II, most proteins
required lysine 48 for polyubiquitination.

To test whether the K63R-ubiquitin mutant acted as a
polyubiquitin chain terminator, we studied the effect of
adding HA-tagged ubiquitin mutants on the ubiquitination
of Pol II, in the presence of His-tagged WT ubiquitin. Either
a half or an equal weight amount of the HA-tagged mutant
was added to the reactions to test whether it would inhibit
modification by His-tagged WT ubiquitin. Under these
conditions, the mutant protein should only inhibit as a chain
terminator and not as a competitor. As a positive control for
the experiment, HA-tagged WT ubiquitin was observed to
have no effect on ubiquitination of Pol II with His-tagged
ubiquitin (lanes 4-7 of Figure 3), when compared to a
reaction containing only the His-tagged protein (lanes 2 and
3 of Figure 3). Similarly, addition of HA-tagged K48R
ubiquitin did not inhibit Pol II ubiquitination (lanes 8-11
of Figure 3). In contrast, addition of HA-tagged K63R
ubiquitin reduced Pol II ubiquitination at 0.6µg (lanes 12
and 13 of Figure 3) and almost completely inhibited
ubiquitination at 1.25µg (lanes 14 and 15 of Figure 3). This
indicates that K63R was an effective polyubiquitin chain
terminator. Consistent with this, adding similar amounts of
methylated ubiquitin, which has no free lysine side chains
for polyubiquitination, inhibited Pol II ubiquitination (lanes
8-11 of Figure 4). As expected, the addition of an untagged
version of the K48R mutant, a control reaction, had no effect
on the level of ubiquitination (lanes 4-7 of Figure 4).

A Transcriptionally ActiVe Pol II Is Targeted by Lysine-
63-Linked Polyubiquination.We investigated whether lysine-
63-linked polyubiquitination of Pol II was dependent upon
transcription. Because polyubiquitination by WT and K48R
ubiquitin is presumably linked through lysine 63, we tested
the effect of suppressing transcription with an antibody to
TFIIB, a general TF involved in preinitiation complex
assembly. Reactions containing K63R were included as
controls. As we have shown previously (15), anti-TFIIB
abolished in Vitro transcription in the nuclear extracts
efficiently (not shown). Consistent with previous results (15),
it also abrogated Pol II ubiquitination with WT (compare
lanes 2 and 3 with lanes 4 and 5 of Figure 5a) and K48R

(lanes 6 and 7 of Figure 5a) ubiquitin. As a control, we
observed that anti-c-myc had no effect on polyubiquitination
of Pol II by either WT (lanes 11 and 12 of Figure 5b), K48R
(lanes 13 and 14 of Figure 5b), or K63R (lanes 15 and 16 of
Figure 5b) ubiquitin. The small amount of ubiquitination that
was present in a reaction containing K63R ubiquitin and anti-
c-myc (lanes 15 and 16 of Figure 5b) was completely
abolished by anti-TFIIB (lanes 8 and 9 of Figure 5a),
indicating that this low level of ubiquitination is dependent
upon transcription.

DISCUSSION

RNA Pol II is polyubiquitinated upon treatment of
mammalian cells with either UV radiation or cisplatin (13,
14). A potentially related reaction, polyubiquitination of Pol
II, which is dependent upon transcription inhibition by either
R-amanitin or cisplatin-DNA lesions, has been observed in
reactions in Vitro (15). The biological role or roles of
polyubiquitination of Pol II is, however, unclear. It has been
speculated to be involved in signaling for DNA repair (13)
and/or targeting Pol II for degradation to relieve transcription
blockage (29, 30).

To gain insight into these processes, we have investigated
the nature of the polyubiquitination added to Pol II when
transcription is inhibited byR-amanitinin Vitro. In previous
studies, this drug, which inhibits Pol II during an elongation

FIGURE 3: Inhibition assay. Effect of HA-WT, HA-K48R, and HA-K63R ubiquitin on modification of Pol II with His-tagged ubiquitin.
The in Vitro ubiquitination assay was set up with His-WT ubiquitin and lactacystin, essentially as described in Figure 2. Different amounts
of HA-tagged WT (lanes 4-7), HA-K48R (lanes 8-11), HA-K63R (lanes 12-15) ubiquitin, or none (lanes 2 and 3) were also added to
the reactions. His-ubiquitinated proteins were selected on Ni-NTA agarose and analyzed as described in Figure 1. An immunoblot against
RNA Pol II is shown here. Lane 1, SM.

FIGURE 4: Methylated ubiquitin inhibits the formation of ubiquiti-
nated Pol II. Reactions were conducted as described in Figure 3,
except that untagged versions of K48R ubiquitin mutant (lanes
4-7), methylated ubiquitin (lanes 8-11), or none (lanes 2 and 3)
were added in the presence of His-tagged ubiquitin. Shown is an
immunoblot of Ni-selected ubiquitinated proteins, using an antibody
against RNA Pol II. Lane 1, SM.
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step, stimulated polyubiquitination of Pol II in a fashion
identical to that observed when cisplatin-modified DNA was
added to the reaction (15). We performed the assay with
nuclear extracts that were prepared from cells arrested at the
G1/S-phase boundary and previously determined to show
transcription- and amanitin-dependent ubiquitination (15).
We report that in these reactions, Pol II is modified with
lysine-63-linked polyubiquitin chains in a transcription-
dependent manner. This novel finding indicates that ubi-
quitination of Pol II during transcription may serve a
signaling role in contrast to a degradative role typical of the
more common lysine-48-linked polyubiquitination.

Pol II ubiquitination is a dynamic process in these nuclear
extracts. In the absence ofR-amanitin, ubiquitination of Pol
II was initially observed but disappeared with further
incubation because of the activity of ubiquitin proteases. This
polyubiquitination reaction was not dependent upon the
addition ofR-amanitin. TheR-amanitin-dependent species,
on the other hand, was stable and persisted. Synthesis of the
latter species was inhibited if transcription was blocked by
addition of an antibody to the TFIIB factor. Further, addition
of mutant ubiquitin in which lysine 63 was substituted by
arginine potently inhibited this amanitin-dependent reaction,
while addition of ubiquitin with lysine 48 substituted with
arginine did not. Ubiquitination with the K63R mutant was
inhibited by chain termination and not competition. These
results strongly indicate that, in these reactions, transcription-
dependent Pol II polyubiquitin chains are linked through
lysine 63.

Although Pol II is a substrate for many ubiquitin ligases
in Vitro, including CSA (32), BRCA1 (25) and the von
Hippel-Lindau (VHL) protein (38), the ubiquitin ligase
responsible for ubiquitination of Pol II in this transcription-
dependent reaction is not obvious. There was little effect on
amanitin-induced polyubiquitination of Pol II in nuclear

extracts prepared from cells in which either CSA, CSB, or
BRCA1 was knocked down by RNA interference, although
low levels of each protein remained in these extracts
(unpublished data). Interestingly, studies in yeast showed that
Pol II can be ubiquitinated by Def1, which forms a complex
with Rad26 (homologue of CSB) (30). Def1 initiates rapid
degradation of Pol II in response to DNA damage in the
absence of Rad26-mediated repair (30). Pol II levels also
declined in human fibroblasts upon UV damage, consistent
with an induction of a degradative form of polyubiquitinated
Pol II (14). Two proteins, CSA and CSB, which are important
for transcription-coupled DNA repair, are probably related
to this decline of Pol II in mammalian cells. Ubiquitination
of Pol II decreases in CSA and CSB mutants (13). Consistent
with this, hyperphosphorylated Pol II levels persisted in cells
lacking CSA and CSB, and this was also observed in WT
cells treated with a proteosome inhibitor (31). These results
suggest that CSB might interact with a stalled Pol II and, in
some manner, promote a degradative form of ubiquitination.
This would not be inconsistent with past (39, 40) and recent
results (41).

Ubiquitination of Pol II resulting in degradation is probably
signaled through linkage at lysine 48. This may be one of
the prevalent biochemical pathways in response to DNA
damage in the G1 phase, the part of the cell cycle where
characterization of the CSA and CSB mutants was done (13,
31). In contrast, the nuclear extracts used in these studies
were prepared from cells arrested early in the S phase by
treatment with aphidicolin. It is possible that polyubiquiti-
nation of Pol II through lysine 63 is predominant in the S
phase because of the activity of the ubiquitin-conjugating
enzyme (E2) Ubc13, which mediates ubiquitination through
this site (42). We note that lysine-63-linked polyubiquitina-
tion of a ribosome subunit was observed predominantly in
the S phase of yeast cells (43). Perhaps an increased level
of DNA-damage checkpoints in the S phase may require a
signaling role for ubiquitination of Pol II via lysine 63 chains
(which is amanitin-dependent), in addition to a degradative
function via lysine 48 chains in G0/G1-phase cells, as
observed by Ratner et al. (14). Consistent with this idea,
nuclear extracts from unsynchronized cells (G0/G1) exhibited
little of the amanitin-dependent ubiquitination of Pol II (15),
which is presumably a characteristic of the lysine 63
polyubiquitin chain species. A similar model has been
proposed for the different roles of PCNA, which could be
regulated by monoubiquitination, polyubiquitination via
lysine 63, or sumoylation (21, 22). The role of polyubi-
quitination through lysine 63 by the Ubc13 pathway in error-
free postreplicative repair involving PCNA is not known.
Yeast mutants defective in Ubc13 or the associated protein
Mms2, a ubiquitin-conjugating enzyme variant (Uev), are
defective in error-free postreplicative DNA repair (21, 42,
44, 45). This process is probably conserved in mammals
because a mammalian Ubc13 cDNA will complement the
corresponding yeast mutation (46). The possibility that Pol
II arrested during elongation is recognized by a pathway
dependent upon lysine 63 polyubiquitination is provocative.
This modification is not thought to signal degradation but
can have a role in subcellular localization (47). Replication
foci and DNA repair foci form in S-phase cells (48, 49),
and it seems plausible that an arrested RNA Pol could be
targeted to specific foci by polyubiquitination.

FIGURE 5: Transcription dependence of Pol II ubiquitination. The
effect of (a) an antibody against TFIIB (lanes 4-9) or (b) a control
antibodyc-myc (lanes 11-16), on ubiquitination of Pol II with
WT and mutant ubiquitin (K48R and K63R) was examined.
Experimental conditions were as described in Figure 2. The material
selected on Ni-NTA agarose was analyzed by SDS-PAGE and
immunoblotted against Pol II. Lanes 1 and 10, SM; and lanes 2
and 3, reactions with WT ubiquitin in the absence of an antibody.
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