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ABSTRACT A sensitive assay using biotinylated ubiquitin
revealed extensive ubiquitination of the large subunit of RNA
polymerase II during incubations of transcription reactions in
vitro. Phosphorylation of the repetitive carboxyl-terminal do-
main of the large subunit was a signal for ubiquitination.
Specific inhibitors of cyclin-dependent kinase (cdk)-type Ki-
nases suppress the ubiquitination reaction. These kinases are
components of transcription factors and have been shown to
phosphorylate the carboxyl-terminal domain. In both regula-
tion of transcription and DNA repair, phosphorylation of the
repetitive carboxyl-terminal domain by kinases might signal
degradation of the polymerase.

Ubiquitination of cellular proteins is a covalent modification
that has many important physiological functions (1, 2). For
example, many ubiquitinated proteins are targeted for degra-
dation by the proteasome, enabling cells to control the level of
regulatory proteins. Some ubiquitinated proteins, however, are
not targeted for degradation, and in these cases, the modifi-
cations may have other functions (3, 4). Proteins become
ubiquitinated by the sequential action of three enzymes: a
ubiquitin-activating enzyme (E1), a ubiquitin-conjugating en-
zyme (E2), and a ubiquitin-protein ligase (E3). Ubiquitination
is ATP-dependent because the ubiquitin polypeptide is acti-
vated by an ATP-dependent transfer reaction to form a thiol
ester on El.

The large subunit of RNA polymerase II (Pol II LS)
becomes ubiquitinated within minutes after exposure of cul-
tured human cells to either UV radiation or the DNA-
damaging agent cisplatin (5, 6). These two agents cause DNA
lesions that are subject to repair by the nucleotide excision
repair system. Several types of lesions induced by either UV
radiation or cisplatin arrest elongating RNA polymerase II
(Pol II) by creating a physical barrier, and the paused poly-
merase may signal preferential repair of the transcribed strand.
Cells from patients with Cockayne syndrome are deficient in
transcription-coupled repair as well as in UV-induced ubig-
uitination of Pol II LS (see ref. 5). This syndrome has been
divided into two complementation groups, CS-A and CS-B.
Both types of patients are deficient in UV-induced ubiquiti-
nation of Pol II LS. The CS-B protein has been implicated in
transcription elongation (7, 8), and there are tentative linkages
between DNA repair and the ubiquitin/proteasome pathway
(9). There are probably several signals for ubiquitination of Pol
IT LS. For example, a-amanitin, a specific inhibitor of Pol II,
stimulates degradation of Pol IT LS in murine fibroblasts (10),
probably through the ubiquitin/proteasome system. Although
enzymes that catalyze ubiquitination of Pol IT LS have not yet
been well characterized, Rsp5, an essential sect (homologous
to E6-AP carboxyl terminus) protein of the E3 family in
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Saccharomyces cerevisiae, was shown to bind and signal ubig-
uitination of both yeast and human Pol II LS through recog-
nition of their carboxyl-terminal domains (CTDs) (11).

The Pol II LS contains a repetitive CTD consisting of
tandem repeats of the consensus sequence Tyr-Ser-Pro-Thr-
Ser-Pro-Ser (12). The CTD plays an essential role in mRNA
synthesis, with evidence indicating potential roles in initiation,
promoter clearance, elongation, and pre-mRNA processing
(13-17). SDS/polyacrylamide gel electrophoresis separates
Pol II LS into two species: Pol IIA, which has a hypophos-
phorylated CTD, and Pol I1O, which has a hyperphosphory-
lated CTD. Three distinct cyclin-dependent kinases (cdks) that
can phosphorylate the CTD are associated with Pol II com-
plexes. The mammalian kinase cdk7 and its yeast homolog
kin28 are subunits of the general transcription factor TFIIH,
which is thought to phosphorylate Pol II subsequent to for-
mation of the preinitiation complex on promoter DNA (18).
The yeast kinase Srbl0, which is a homolog of cdk8 in
mammals, is part of the Pol II holoenzyme and capable of
phosphorylating the CTD prior to formation of the initiation
complex (19). Finally, the recently discovered transcription
factor P-TEFb contains cdk9, which also can phosphorylate
CTD (20). The activity of this kinase is required to generate a
polymerase that can efficiently elongate (21) and is important
for activation of transcription by the HIV protein Tat (22).
Some drug inhibitors are relatively specific for certain kinases
(23). cdk9 is more sensitive to the drug 5,6-dichloro-1-B-D-
ribofuranosylbenzimidazole (DRB) than is cdk7, whereas H7
and HS8 inhibit both kinases to the same extent. Both types of
drugs inhibit transcription in vivo and in vitro.

To address how ubiquitination of Pol II LS is regulated, we
developed a sensitive system to detect the ubiquitination in
vitro. In this system biotinylated ubiquitin was used and
ubiquitinated proteins were isolated by chromatography on
immobilized avidin. We conclude that phosphorylation of the
CTD of Pol IT LS can be a signal for ubiquitination of the large
subunit.

MATERIALS AND METHODS

Chemical Reagents. «-Amanitin, 1-(5-isoquinolinylsulfo-
nyl)-2-methylpiperazine (H7), N-[2-(methylamino)ethyl]-5-
isoquinolinesulfonamide (H8), DRB, and lactacystin were
purchased from Calbiochem.

Abbreviations: Pol II, RNA polymerase II; Pol II LS, large subunit of
Pol II; CS-A and CS-B, Cockayne syndrome complementation groups
A and B; CTD, carboxyl-terminal domain; cdk, cyclin-dependent
kinase; DRB, 5,6-dichloro-1-B-p-ribofuranosylbenzimidazole; H7,
1-(5-isoquinolinylsulfonyl)-2-methylpiperazine; H8, N-[2-(methylami-
no)ethyl|-5-isoquinolinesulfonamide; HRP, horseradish peroxidase;
GST, glutathione S-transferase; bio-Ub, biotinylated ubiquitin.
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Kawasaki, Japan.
To whom reprint requests should be addressed. e-mail: sharppa@
mit.edu.
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Biotinylation of Ubiquitin. Two milligrams (2 wmol of NH,
groups) of bovine erythrocyte ubiquitin (Sigma) were dis-
solved in 1 ml of PBS (pH 7.4) and biotinylated by incubating
with 75 pg (0.1 wmol) of EZ-Link Sulfo-NHS-LC-LC-biotin
(Pierce) for 30 min at room temperature. Biotinylated ubiqg-
uitin was equilibrated with PBS by using HiTrap Desalting
(Amersham Pharmacia Biotech), divided into aliquots, and
stored at —80°C.

In Vitro Ubiquitination. Reaction mixtures (25 ul) contain-
ing 10 mM Hepes—KOH (pH 7.9), 10% (vol/vol) glycerol, 60
mM KCl, 7 mM MgCl,, 7 mM DTT, 0.1 mM EDTA, 1 mM
ATP, 70 pg of HeLa nuclear extract, and 1 ug of biotinylated
ubiquitin were incubated for 30 min at 30°C. Ubiquitination
reactions were also prepared by using transcription reaction
conditions where indicated [ref. 24; 300 ng of poly(I)-poly(C),
50 ng of poly(dG)-poly(dC), 10 mM creatine phosphate, 1 ul
of C/G/UTP mixture (0.125 mM CTP, 5 mM GTP, and 5 mM
UTP), and 2 pg of template DNA (pHIV+TAR-G400)].

Ubiquitinated proteins were isolated as follows. The reac-
tion mixtures were diluted with 200 ul of Nonidet P-40 lysis
buffer (150 mM NaCl/1% Nonidet P-40/50 mM Tris-HCI, pH
7.4) and mixed with 10 ul of avidin-bead (Promega) for 1 hr
at 4°C. Bead-bound proteins were washed with Nonidet P-40
lysis buffer and incubated further with 100 ul of Nonidet P-40
lysis buffer containing 1 M NaCl. After incubation for 30 min
at 4°C, bead-bound proteins were washed twice with Nonidet
P-40 lysis buffer containing 1 M NaCl and once with Nonidet
P-40 lysis buffer. Twenty microliters of SDS-sample buffer was
added directly to the avidin-bead, and 10-ul aliquots of the
bound proteins were resolved by SDS/polyacrylamide gel
electrophoresis on 10% or 4-20% gradient polyacrylamide
gels and transferred to Immobilon-P membranes (Millipore).

Total ubiquitinated proteins were detected by using HRP-
streptavidin-biotin complex (ABC-HRP; Pierce; HRP is
horseradish peroxidase) and ECL reagent (Amersham Phar-
macia Biotech). Immunoblotting was performed essentially as
described by Harlow and Lane (25). The Pol IT LS was detected
with the N20 antibody, a rabbit polyclonal IgG (Santa Cruz
Biotechnology). Phosphorylated CTD was detected with the
H14 antibody, a mouse monoclonal IgM that recognizes
phosphoserine at position 5 in CTD heptapeptide repeats (26).
Ubiquitinated proteins were detected with the 1B3 antibody,
a mouse monoclonal IgG (MBL International, Watertown,
MA).

Glutathione S-Transferase (GST)-CTD. The yeast GST-
CTD fusion protein (6XHis-GST-12CA5-CTD fusion) was
expressed in Escherichia coli and purified as described (27). Six
hundred nanograms of GST-CTD was added to the ubiquiti-
nation reactions as described above.

Assays for kinase activity were performed as follows: GST-
CTD was incubated for 30 min at 30°C in the ubiquitination
reaction in the presence of 10 uCi of [y-32P]JATP (1 nCi = 37
kBq). After incubation, GST-CTD was immunoprecipitated
with the anti-hemagglutinin (HA) epitope antibody 12CAS
essentially as described by Harlow and Lane (25) and analyzed
by SDS/4-20% polyacrylamide gel electrophoresis followed
by Western blotting. Phosphorylated GST-CTD was detected
by using the H14 antibody or analyzed with the Storm system
and IMAGEQUANT software (Molecular Dynamics).

RESULTS

Pol II LS Is Ubiquitinated in Vitro. A very sensitive method
for detection of ubiquitination of proteins in vitro by using
biotinylated ubiquitin and avidin-affinity purification was de-
veloped. Proteins associate with the avidin-coated beads de-
pendent upon ubiquitination and can be identified in the
eluted fraction by Western blotting with specific antibodies.

Upon incubation with ATP, a large number of proteins in a
HeLa nuclear extract were reactive with antibodies specific for
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ubiquitin (e-Ub 1B3; Fig. 14, lane 2). When biotinylated
ubiquitin (bio-Ub) was added to the reaction, a similarly large
number of proteins was ubiquitinated in an ATP-dependent
fashion as detected by developing a Western blot with HRP-
streptavidin-biotin complex (ABC-HRP; Fig. 14, lane 4).
These ubiquitinated proteins were almost completely bound to
the avidin-bead (Fig. 14, lane 6).

Hypophosphorylated and hyperphosphorylated Pol II LS
(designated as Pol ITA and Pol IIO, respectively) can be
separated by SDS/polyacrylamide gel electrophoresis (28).
Antibodies to Pol IT LS, N20, recognize both Pol ITA and Pol
I1O. Both types of subunits were present in nuclear extracts
after incubation with ATP (Fig. 1B, lanes 2 and 4) as con-
trasted with the situation where only Pol ITA was observed
when the reaction was incubated in the absence of ATP (Fig.
1B, lanes 1 and 3). After incubation with both ATP and
bio-Ub, the avidin-bound fraction contained a broad band of
N20-reactive material migrating slower than Pol I1O (Fig. 1B,
lane 6). In view of the controls, this band represented ubiqui-
tinated forms of Pol IT LS. Comparison of lanes 2 and 4 of Fig.
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FiG. 1. (A) Invitro ubiquitination of HeLa nuclear extract proteins.
HeLa nuclear extract was incubated with 1 mM ATP and 1 ug of
biotinylated ubiquitin (bio-Ub) as indicated. Total proteins (lanes 1-4)
or avidin-bound proteins (lanes 5 and 6) were analyzed by SDS/4-20%
polyacrylamide gel electrophoresis followed by Western blotting.
Ubiquitinated proteins were probed either with anti-ubiquitin mono-
clonal antibody 1B3 (a-Ub 1B3; lanes 1 and 2) or HRP-streptavidin-
biotin-complex (ABC-HRP; lanes 3-6). (B) In vitro ubiquitination of
Pol II LS. HeLa nuclear extract was incubated with 1 mM ATP and
1 pg of bio-Ub as indicated. Flow-through (lanes 1-4) or avidin-bound
proteins (lanes 5-8) were analyzed as described for 4. Pol II LS was
probed with N20, an anti-Pol II LS antibody («a-Pol II LS N20).
Ubiquitinated Pol II LS (Ub-Pol IT) was detected in the avidin-bound
fraction as slow migrating material (lane 6).
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1B suggested that a majority of the Pol IIO generated during
incubation of the extract was ubiquitinated.
Transcription-Related Ubiquitination of Pol II LS. The
effect of addition of template DNA on ubiquitination of Pol IT
was examined. A plasmid containing the HI'V promoter was
added to reaction mixtures under conditions permitting tran-
scription. The presence of this template reduced the levels of
ubiquitination of Pol II LS about 30% as compared with
control reactions, respectively (Fig. 2, lanes 2 and 10). A
previous study showed that treatment of mouse NIH 3T3 cells
with a-amanitin, a Pol II-specific inhibitor, stimulated Pol II
LS degradation in vivo (10). It remained unclear whether this
degradation was mediated by ubiquitin- and proteasome-
dependent mechanisms. We therefore determined the effect of
a-amanitin on ubiquitination of the Pol II LS in vitro. Ubiq-
uitination of Pol II LS was stimulated about 1.4-fold by 5 uM
a-amanitin in the presence of template DNA (Fig. 2, compare
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lanes 2 and 6). In contrast, e-amanitin did not stimulate
ubiquitination of Pol II LS in the absence of template DNA
(Fig. 2, lanes 10 and 14). Addition of 5 uM «-amanitin
inhibited transcription of the template completely (data not
shown). The degree of template-dependent suppression of
ubiquitination is probably limited by the inefficient utilization
of polymerases for transcription in these reactions. Typically,
only a fraction of the total Pol II engages in transcription and
thus could respond to the presence of template DNA. In spite
of these limitations, the results suggest that the majority of the
ubiquitination of Pol II in these reactions is not dependent
upon engagement of the polymerase in transcription.

Pol II LS Ubiquitination Is Correlated to CTD-Phosphor-
ylation. Several kinase inhibitors have been used to investigate
regulation of Pol II function through CTD phosphorylation
(22, 29, 30). These inhibitors are thought to suppress phos-
phorylation of the CTD of Pol II and thus affect transcription.
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FiG. 2. Ubiquitination of Pol II LS is reduced by template DNA. (Upper) Ubiquitination reactions were done under in vitro transcription
conditions and analyzed by SDS/10% polyacrylamide gel electrophoresis followed by Western blotting. Xbal-cut (2 pg) pHIV+TAR-G400 (24)
was added as a template DNA. Reaction mixtures were preincubated with 5 uM a-amanitin for 3 min at 30°C followed by incubation with template
and 1 mM ATP as indicated. Pol II LS was probed with anti-Pol I LS antibody N20 («-Pol IT LS N20). (Lower) Ubiquitinated Pol I LS was quantified
and normalized to lane 2 as 100.
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Because the degree of ubiquitination of Pol IIO was apparently
greater than that of Pol IIA (Fig. 1B), it is possible that
phosphorylation of the CTD was a signal for ubiquitination.
Hence the effects of kinase inhibitors on Pol IT ubiquitination
were studied (Fig. 3). H8 at 500 M, which inhibits both cdk7
and cdk9 activities, inhibited Pol II LS hyperphosphorylation
(Fig. 3, lanes 3 and 5) as well as its ubiquitination (Fig. 3, lanes
§ and 10). On the other hand, DRB at 5 uM, which inhibits
cdk9 activity in vitro (50% inhibition at 0.65 uM) and Tat-
dependent transcription activity in vitro (50% inhibition at 1
uM; ref. 22), only partially inhibited CTD hyperphosphoryla-
tion (Fig. 3, lane 4) and did not affect Pol IT ubiquitination (Fig.
3, lane 9). These inhibitors did not significantly affect total
protein ubiquitination (Fig. 3, lanes 13-15), indicating speci-
ficity for the kinase inhibitors.

These observations are consistent with the proposal that a
hyperphosphorylated CTD could be a signal for Pol II LS
ubiquitination. Alternatively, a Pol II LS-specific ubiquitina-
tion enzyme(s) might be inhibited directly or indirectly by the
HS8 drug. Experiments in which reactions were incubated with
ATP before addition of H8 and bio-Ub clearly indicated that
HS8 did not inhibit the ubiquitin transfer reactions directly
(data not shown). These results indicated a role for phosphor-
ylation of CTD as a signal for ubiquitination.

CTD-Dependent Ubiquitination Leads to Proteasome-
Dependent Protein Degradation. To further address whether
CTD phosphorylation is adequate for Pol II LS ubiquitination,
we examined the ubiquitination of a fusion protein synthesized
by joining sequences encoding GST to those encoding CTD,
GST-CTD (27). This chimeric protein was also tagged with a
short amino acid sequence, HA, to permit immunoprecipita-
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F1G.3. Suppression of hyperphosphorylation and ubiquitination of
Pol II LS by the kinase inhibitor H8. Ubiquitination reactions were
done under conditions similar to those for in vitro transcription, and
ubiquitinated proteins were analyzed as described for Fig. 1. Fifty
micromolar DRB or 500 uM HS8 was added in the reactions where
indicated. Total proteins (2.5 ul, lanes 1-5 and 11-15) or avidin-bound
proteins (12.5 ul equivalent, lanes 6-10) were probed with anti-Pol 11
LS antibodies N20 (lanes 1-10) or streptavidin-biotin-HRP-complex
(lanes 11-15).
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tion with the monoclonal anti-HA antibody 12CAS5. Upon
incubation of GST-CTD with HeLa nuclear extract and ATP,
phosphorylated Pol II LS and GST-CTD were detected by
developing a Western blot with the monoclonal antibody H14
(26), which recognizes phosphoserine in position 5 of the CTD
heptapeptide repeats (Fig. 4 Upper, lanes 1-8). Radiolabeled
GST-CTD was detected (Fig. 4 Upper, lanes 9-16) after
incubation of the reactions with [y->’P]JATP and immunopre-
cipitation with 12CAS. Phosphorylation of GST-CTD was
strongly inhibited by 500 uM H7 and 500 uM HS, but not by
50 uM DRB. Since the extents of reduction of both the
phosphoserine epitope and the radiolabeling of GST-CTD
were similar (Fig. 4 Lower), phosphorylation of GST-CTD is
probably restricted to the CTD. Consistent with this conclu-
sion, incubation of GST alone in the reaction did not result in
its phosphorylation (data not shown).

The critical question was whether the GST-CTD protein was
ubiquitinated when the reaction was incubated with ATP.
Reaction mixtures containing GST-CTD were incubated with
bio-Ub and ATP and analyzed by affinity chromatography
(Fig.5). GST-CTD was ubiquitinated only in the absence of the
kinase inhibitors (Fig. 5, lanes 5 and 7). In contrast to the
situation of ubiquitination of Pol II LS, the ubiquitinated
GST-CTD material migrated faster than the input substrate,
suggesting that it may be partially degraded. This signal is
dependent on the CTD, since substitution of GST alone in
place of GST-CTD did not generate a signal in the avidin-
bound fraction (data not shown). To determine whether
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Fi1G. 4. Suppression of hyperphosphorylation of Pol II LS and
GST-CTD by the kinase inhibitors H7 and H8. (Upper) Ubiquitination
reactions were done in the presence of 10 uCi of [y->P]ATP and 600
ng of GST-CTD. Either 500 uM H7, 500 uM HS, or 50 uM DRB was
added in the reactions where indicated. Total proteins (2.5 ul, lanes
1-8) or anti-HA (12CA5)-bound proteins (12.5 ul equivalent, lanes
9-16) were resolved on an SDS/4-20% polyacrylamide gel followed
by Western blotting. Phosphorylated CTD was detected by monoclonal
antibody H14 (lanes 1-8), and radiolabeled GST-CTD was analyzed as
described in the text (Kinase assay, lanes 9-16). (Lower) Phosphory-
lated GST-CTD, detected by using either the H14 monoclonal anti-
body or the kinase assay, was quantified and normalized to lane 1 or
9 as 100.
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probe a-HA 12CAS
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Fic. 5. Ubiquitination of GST-CTD is inhibited by kinase inhib-
itors H7 and HS8, and Ub-GST-CTD is stabilized by proteasome
inhibitor lactacystin. Ubiquitination reactions were done in the pres-
ence of 600 ng of GST-CTD. Total proteins (2.5 ul, lanes 1-4) or
avidin-bound proteins (12.5 ul equivalent, lanes 5-8) were resolved on
SDS/4-20% polyacrylamide gel electrophoresis followed by Western
blotting. GST-CTD was detected with anti-HA (12CAS5) antibody.
Either 500 uM H7/500 uM H8 or 20 uM lactacystin was added in the
reactions where indicated.

degradation of GST-CTD was mediated by a proteasome-
dependent pathway, lactacystin was added as a proteasome
inhibitor. Lactacystin is considered specific for protease ac-
tivities associated with the proteasome but does not inhibit the
ubiquitination of proteins (31). The fast-migrating form of
ubiquitinated GST-CTD was enhanced 2.5-fold by 20 uM
lactacystin (Fig. 5, compare lanes 5 and 7), whereas the levels
of unubiquitinated GST-CTDs were the same regardless of the
presence of either the kinase inhibitor or lactacystin (Fig. 5,
lanes 1-4). These results strongly indicate that the specific
phosphorylation of CTD confers a susceptibility to ubiquiti-
nation.

DISCUSSION

The large subunit of RNA polymerase II is readily ubiquiti-
nated during incubation of transcription reactions. The signal
for this ubiquitination is almost certainly hyperphosphoryla-
tion of the CTD. First, attachment of CTD sequences to
another protein conferred sensitivity to ubiquitination. Sec-
ond, addition of inhibitors of cdk-type kinases, which phos-
phorylate the CTD, dramatically suppressed ubiquitination of
the Pol IT LS while not blocking modification of other cellular
proteins. Similarly, ubiquitination of the chimeric protein
formed by fusion with the CTD was also suppressed by the
same kinase inhibitors. Not all inhibitors of kinases that
phosphorylate the CTD were active in suppressing ubiquiti-
nation, suggesting that a subgroup of these kinases generate
such signals.

When transcription reactions were incubated with ATP, a
significant fraction of Pol II LS was hyperphosphorylated,
converting it to the Pol IIO form. In the presence of bio-Ub,
a majority of the Pol IIO was modified by ubiquitination. A
similar degree of ubiquitination of Pol LS probably occurs in
most transcription reactions, since the endogenous level of
ubiquitin is significant and this might partially explain changes
in the activities of such reactions when preincubated with ATP
(32). It is unlikely that the extent of ubiquitination observed in
vitro is typical of processes in vivo, as the large subunit of Pol
II is very stable under normal conditions. The high levels of
ubiquitination observed in vitro probably reflect a heteroge-
neous set of Pol II-containing complexes generated by the
extraction process and the mixing of components from cells at
different parts of the cycle—for example, components from
mitotic cells with those of Gy cells.

A signal for ubiquitination of the large subunit of Pol II is
phosphorylation of the CTD, probably by a specific subgroup
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of kinases. The drugs H7 and HS8, which inhibit cdc2, cdk7,
cdk8, and cdk9 kinases, inhibited the ubiquitination of Pol 110,
whereas the drug DRB, which preferentially inhibits cdk9 or
P-TEFb, did not inhibit this ubiquitination (23). The specific
kinases responsible for phosphorylation of the CTD during
reactions in vitro is unclear. The cdc2 kinase will phosphorylate
the CTD (33) and could be contributed to the extracts by
mitotic cells. Both the cdk7 kinase of TFIIH (18) and the cdk8
kinase of the holoenzyme will also phosphorylate CTD in
transcription reactions (19). Phosphorylation by cdk8 (Srb10)
occurs before formation of the preinitiation complex and
suppresses transcription for a specific subset of genes. It is
possible that cdk8 phosphorylation of CTD could stimulate
ubiquitination of Pol II. The cdk7 kinase of TFIIH is thought
to phosphorylate the CTD after formation of the initiation
complex permitting elongation (see, for example, ref. 34). It is
possible that cdk7 might also phosphorylate the CTD in its role
in transcription-coupled nucleotide excision repair (35). This
phosphorylation event could be a signal for ubiquitination and
degradation of the polymerase. The cdk9 kinase of the tran-
scription factor P-TEFb primarily phosphorylates the CTD of
Pol II after formation of a preinitiation complex (21). This
kinase may not be a major contributor to signals for ubiquiti-
nation of Pol II LS, as it is sensitive to the drug DRB and
probably phosphorylates the CTD only in initiation complexes.

Exposure of cells to either of the DNA-damaging agents UV
radiation or cisplatin induces rapid ubiquitination of Pol IT LS
(6). These DNA lesions block elongation by Pol II and are
subject to preferential repair of the transcribed strand of DNA
by the nucleotide excision repair system. This system depends
on the action of components of the TFIIH transcription factor
as well as the Cockayne syndrome A and B proteins, CS-A and
CS-B, respectively (5). The CS-B protein enhances elongation,
suggesting that it can directly interact with Pol II (7), and the
CS-B complex also binds elongating Pol II in vitro (36, 37).
Fibroblasts from Cockayne syndrome patients, either CS-A or
CS-B, are deficient in ubiquitination of Pol I LS after treat-
ment with either UV radiation or cisplatin, suggesting that this
modification of the polymerase might be central to the repair
process (5). Since the TFIIH factor is required for transcrip-
tion-coupled repair and its cdk7 kinase phosphorylates the
CTD, it is likely that one of its roles in DNA repair is to
phosphorylate the CTD, signaling its ubiquitination and deg-
radation.

Ubiquitination of a protein is commonly mediated by an
E3-type factor that binds to both the target protein and the
ubiquitinated intermediate E2 factor (1). The nature of the E3
factor recognizing the phosphorylated CTD is unknown. In
yeast, an essential hect E3 protein, Rsp5, will bind the CTD and
mediate ubiquitination of Pol II LS in vitro. Furthermore, a
decrease in the intracellular levels of Rsp5 in vivo results in a
5-fold increase in the levels of Pol II LS in vivo (11). A human
homolog of Rsp5 is probably not important for the ubiquiti-
nation of Pol IT LS in the transcription reactions analyzed here,
since the yeast Rsp5 binds to both phosphorylated and non-
phosphorylated forms of this protein. There are probably
several mechanisms directing ubiquitination of Pol II LS in
vivo, one of which depends on phosphorylation of the CTD.
The availability of a sensitive assay and the efficiency of
ubiquitination of Pol II LS in vitro indicate that it should be
possible to biochemically define components mediating this
important process.
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