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ABSTRACT

Transcription-coupled DNA repair (TCR) is a sub-
pathway of nucleotide excision repair (NER) dedi-
cated to rapid removal of DNA lesions in the tran-
scribed strand of actively transcribed genes. The
precise nature of the TCR signal and how the re-
pair machinery gains access to lesions imbedded
in stalled RNA polymerase Il (RNAP II) complexes
in eukaryotic cells are still enigmatic. RNAP Il has
an intrinsic capacity for transcription bypass of DNA
lesions by incorporation or misincorporation of nu-
cleotides across the lesions. It has been suggested
that transcription bypass of lesions, which exposes
the lesions, may be required for TCR. Here, we show
that E1103G mutation of Rpb1l, the largest subunit
of RNAP Il, which promotes transcription bypass of
UV-induced cyclobutane pyrimidine dimers (CPDs),
increases survival of UV irradiated yeast cells but
attenuates TCR. The increased cell survival is inde-
pendent of any NER subpathways. In contrast, G730D
mutation of Rpb1, which impairs transcription by-
pass of CPDs, enhances TCR. Our results suggest
that transcription bypass of lesions attenuates TCR
but enhances cell tolerance to DNA lesions. Efficient
stalling of RNAP Il is essential for efficient TCR.

INTRODUCTION

Nucleotide excision repair (NER) is a multi-step process
that removes bulky and/or helix-distorting lesions, such
as ultraviolet (UV)-induced cis-syn cyclobutane pyrimidine
dimers (CPDs) and bulky chemical adducts that generally
obstruct DNA replication and transcription (1,2). NER has
two subpathways: transcription coupled repair (TCR) and
global genomic repair (GGR). TCR is dedicated to rapid re-
moval of lesions in the transcribed strand of actively tran-
scribed genes. On the other hand, GGR is responsible for

removal of lesions throughout the whole genome, includ-
ing the non-transcribed strand of actively transcribed genes.
In eukaryotic cells, the two NER subpathways rely on dif-
ferent proteins in the early damage recognition step but
share common factors in the later steps of the repair pro-
cess. CSA, CSB, UVSSA and USP7 in mammalian cells
(3,4) and Rad26 (homolog of mammalian CSB) in Saccha-
romyces cerevisiae (2) are involved in TCR but dispensable
for GGR. On the other hand, XPC in mammalian cells (1),
and Rad7, Rad16 and Elcl in S. cerevisiae (2) are specifi-
cally required for GGR but play no role in TCR.

RNA polymerase (RNAP) is an ideal proxy damage sen-
sor because its selectivity is higher than any known DNA
damage recognition proteins (5). A mammalian RNAP II
complex stalled at a CPD has a half-life of ~20 h, which is
more stable than any complex formed between a damage-
recognition protein and its substrate (6). TCR is generally
assumed to be triggered by stalling of an RNAP at a lesion
in the transcribed strand, as DNA lesions that can substan-
tially stall RNAP are generally good substrates for TCR
(7,8). Up to date, however, no direct evidence has been avail-
able to prove this assumption and the precise nature of the
TCR signal is still enigmatic.

In Escherichia coli, Mfd, a DNA translocase, binds to the
B subunit of a lesion-stalled RNAP, displaces the RNAP
complex by pushing it forward and concurrently recruits
UvrA to the exposed lesion site to facilitate TCR (9-12).
Upon binding to ATP, Mfd also binds to DNA in a man-
ner that the DNA wraps around the protein (13). The DNA
binding activity may anchor Mfd downstream from the
transcription stop site to carry out its transcription-repair
coupling function (14). In addition to promoting repair of
lesions that stall the RNAP, Mfd may facilitate TCR down-
stream of the site that stalls RNAP (15). UvrD, a DNA heli-
case, has also been shown to play an important role in TCR
in E. coli (16). Unlike Mfd, UvrD forces RNAP to back-
track, thereby exposing DNA lesions for access of the repair
machinery.

How the TCR machinery gains access to a lesion ini-
tially trapped by a stalled RNAP II in eukaryotic cells is
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still mysterious (7,8). Multiple scenarios have been sug-
gested, including (i) ubiquitination and degradation of the
largest subunit (Rpbl) of the 12 subunit (Rpb1-12) RNAP
11, (ii) displacement of the transcription elongation complex
through forced back- or forward-tracking and (iii) remod-
eling of the complex without removal from the arrest site.
To date, however, none of these scenarios has been proven
to be required for TCR in eukaryotic cells. In mammalian
cells, CSB interacts loosely with the elongating RNAP II
and stimulates transcription (17) but becomes more tightly
bound following transcription arrest (18). CSB may also
push the RNAP II forward, such that an additional nu-
cleotide is incorporated opposite a CPD (19). However,
unlike the bacterial Mfd, which displaces a lesion-stalled
RNAP from the DNA, CSB does not seem to displace a
lesion-stalled RNAP II (19). In S. cerevisiae, the elongating
RNAP II complex, which is stabilized by Spt5 and other
associated transcription elongation factors, is intrinsically
repressive to TCR (20). Rad26 appears to facilitate TCR by
antagonizing the repression, as it becomes dispensable for
TCR in the absence of Spt4 (21,22), Rpb4 (23), the RNAP
IT associated factor 1 complex (PAFc¢) (24) and certain do-
mains of Spt5 (20,21).

An RNAP has an intrinsic capacity for transcription by-
pass of lesions by incorporation or misincorporation of nu-
cleotides across the lesions (25,26). In vitro studies with a
DNA template containing a T-T CPD showed that the S.
cerevisiae RNAP 11 catalyzes a non-templated insertion of
AMP opposite the CPD 3'-T following the A-rule, followed
by a very slow and templated AMP or UMP incorpora-
tion opposite the CPD 5'-T (27,28). AMP incorporation op-
posite the CPD 5'-T enables lesion bypass, whereas UMP
misincorporation opposite the 5'-T results in irreversible
stalling of RNAP II (27,28).

Two domains of Rpbl, the trigger loop and bridge he-
lix, play key roles in the nucleotide addition cycle during
RNA synthesis. Upon binding of a matched nucleotide, the
trigger loop of RNAP II switches from an inactive open
state to an active closed state (Figure 1) (29,30). Mutations
of Rpbl near the RNAP II active center and secondary
pore (through which nucleotides reach the catalytic center)
have been shown to affect the fidelity of transcription in
S. cerevisiae (31-34). Two yeast Rpbl mutations, G730D
(rpb1G730D) and E1103G (rpb1 E1103G) (Figure 1), have
been shown to affect transcription bypass of CPDs in vitro
(28). The rpb1 G730D mutation is located in the a21 helix,
which forms a part of the secondary pore and contacts the
trigger loop. This mutation abolishes transcription bypass
of a T-T CPD by preventing incorporation of nucleotides
opposite the CPD 3’- and 5'-Ts. The rpbl E1103G mutation
is located at the base of the trigger loop. In contrast to the
rpb1 G730D mutation, the rpbl E1103G mutation increases
transcription bypass of T-T CPDs by enabling incorpora-
tion of two AMPs opposite the CPD 3’- and 5'-Ts (28). The
rpbl E1103G mutation was also observed to increase resis-
tance of RAD26 (wild-type) cells but not rad26 A cells to
UV irradiation, suggesting that the increased UV resistance
is dependent on Rad26-dependent TCR (28). An appeal-
ing new model of TCR mechanism was therefore proposed:
transcription bypass of lesions may expose the lesions to the
TCR proteins after their Rad26-dependent recruitment to
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Figure 1. Locations of Rpbl E1103 and G730 residues on the RNAP II
structure. The RNAP II structures are based on PDB 2E2H (29), which
has a closed trigger loop, and PDB 1Y1V (30), which has an open trig-
ger loop, and generated by using PyYMOL. Indicated structures are Rpbl
trigger loop (residues 1060-1105), bridge helix (residues 810-846) and «
helices 20 (residues 673-699), 21 (residues 710-735) and 22 (residues 742—
748), DNA, RNA, GTP and Mg2+A Other residues of RNAP II are shown
in transparent light gray.

the lesion-stalled RNAP II and this exposure may be re-
quired for TCR (28,35). However, if and/or how transcrip-
tion bypass of lesions is implicated in TCR remains to be
determined.

We found that increased transcription bypass of CPDs
by RNAP II enhances survival of UV-irradiated S. cere-
visiae cells but attenuates TCR. The enhanced cell survival
is independent of Rad26 or other NER factors. In contrast,
impairment of transcription bypass of CPDs by RNAP 11
decreases survival of UV-irradiated GGR-deficient S. cere-
visiae cells but enhances TCR. Our results suggest that tran-
scription bypass of lesions may enhance lesion tolerance but
attenuate TCR. Efficient stalling of RNAP Il is essential for
efficient TCR.

MATERIALS AND METHODS
Yeast strains and plasmids

All yeast strains used in this study are derivatives of the
wild-type strain Y452 (MATw, ura3-52, his3—1, leu2-3,
leu2—112, cir°). Deletions of RADI16, RPBI, RAD26 and
RADI4 genes were conducted as previously described (23).

Plasmid pRS416-RPB1 was created by inserting the
whole RPBI gene including the promoter, coding sequence
and 3’ terminator sequences into the multiple cloning
site of the centromeric URA3 plasmid pRS416 (36). Plas-
mids pRS415-RPB1, pRS415-RPB1E1103G and pRS415-
RPB1G730D were created by inserting the whole RPBI
gene encoding the wild-type and E1103G and G730D mu-
tant Rpb1, respectively, into the Xhol and Apal sites of the
centromeric LEU2 plasmid pRS415 (36).

Plasmids pRS415-RPB1, pRS415-RPBI1E1103G and
pRS415-RPB1G730D were transformed into yeast strains
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whose genomic RPBI gene was deleted and complemented
with pRS416-RPB1. The transformed cells were selected
with 5-fluoroorotic acid, which is toxic to cells with a func-
tional URA3 gene, to select for cells that had lost the
pRS416-RPB1 plasmid.

Measurement of RNA synthesis in yeast cells

To measure total RNA synthesis, yeast cells were grown at
30°C in synthetic dextrose medium to late log phase (Aggo
~ 1.0). The harvested cells were washed twice with ice-cold
H,O, resuspended in ice-cold 2% dextrose and split into
two aliquots. One aliquot was kept on ice and the other
was irradiated with 360 J/m? of 254 nm UV (by using a
15W UV germicidal bulb, General Electric). Treatment of
genomic DNA with T4 endonuclease V, followed by dena-
turing agarose gel analysis indicates that this dose of UV
induces ~1 CPD per 1 kb of DNA. After addition of one-
tenth volume of a stock solution (6.7% yeast nitrogen base
without amino acids, 1.6% yeast synthetic drop-out me-
dia supplement without uracil, 1 mM uracil), [2-'*CJuracil
(56.0 mCi/mmol; Moravek Biochemicals) was added to a
final concentration of 2 wM. The samples were incubated
at 30°C in the dark and aliquots were collected at differ-
ent times of the incubation. Total RNA was isolated using
a hot acidic phenol method as previously described (37),
and quantified by using the Qubit® RNA HS assay kit and
a Qubit® 2.0 Fluorometer (Invitrogen, Life Technologies).
The isolated total RNA was fractionated on formaldehyde
agarose gels (38), and transferred onto Hybond-N* mem-
branes (GE Healthcare Life Sciences). The membranes were
exposed to Phosphorimager screens for 7 days and scanned
with Molecular Imager FX (Bio-Rad).

For northern blot analysis of galactose-induced GAL10
transcription, yeast cells were grown at 30°C in synthetic
medium containing 2% glycerol, 2% lactate and 2% ethanol
to late log phase (Agy ~ 1.0). The harvested cells were
washed and resuspended in ice-cold H;O, and split into two
aliquots. One aliquot was kept on ice and the other was ir-
radiated with 120 J/m? of 254 nm UV (the dose we used
for TCR analysis). The unirradiated and U V-irradiated cells
were pelleted by centrifugation and resuspended in YPG
(1% yeast extract, 2% peptone and 2% galactose) medium
and incubated at 30°C. At different times of the incuba-
tion, aliquots were collected. Total RNA was isolated, frac-
tionated on formaldehyde agarose gels and transferred onto
Hybond-N* membranes. The GALI0 transcripts on the
membranes were probed with a 150 nucleotide long [a->?P]
UTP-labeled riboprobe that is complementary to the 5’ end
of the GALI10 transcripts.

Repair analysis of UV-induced CPDs

Yeast cells were cultured at 30°C in synthetic dextrose
medium to late log phase (Agy ~ 1.0), washed twice with
ice-cold ddH,O, resuspended in 2% dextrose and irradiated
with 120 J/m? of 254 nm UV. After addition of one-tenth
volume of a stock solution (10% yeast extract, 20% pep-
tone), the yeast samples were incubated at 30°C in the dark.
At different times of the repair incubation, aliquots were
collected and the genomic DNA was isolated as described
previously (23).

The transcribed and non-transcribed strands of the
RPB2 gene (39,40) were 3'-end labeled with [a-*’P]dATP
by using a method described previously (41,42). Briefly, ~1
g of total genomic DNA was digested with Dral to release
the RPB2 fragments and incised at CPD sites with an excess
amount of T4 endonuclease V (Epicentre). Excess copies
of a biotinylated oligonucleotide, which is complementary
to the 3’ end of the transcribed or non-transcribed strand
of the RPB2 gene, were mixed with the samples. The mix-
tures were heated at 95°C for 5 min to denature the DNA
and then cooled to an annealing temperature of around
50°C. The annealed molecules were attached to streptavidin
magnetic beads, labeled with [a->*P]JdATP and resolved on
DNA sequencing gels. The gels were exposed to Phospho-
rimager screens. The intensities of gel bands correspond-
ing to CPD sites were quantified using Quantity One (Bio-
Rad).

UV sensitivity assay

Yeast cells were cultured at 30°C in synthetic dextrose
medium to saturation. Sequential 10-fold dilutions of the
cultures were made. For spotting assay, the diluted cells were
spotted onto YPD (1% yeast extract, 2% peptone and 2%
dextrose) plates and irradiated with different doses of 254
nm UV. After 3-5 days of incubation at 30°C in the dark,
the plates were photographed. For colony formation assay,
the diluted cells were spread onto YPD plates and irradi-
ated with different doses of 254 nm UV. After 3-5 days of
incubation at 30°C in the dark, the colonies were counted.
Three repeats were performed and the means and standard
deviations were calculated.

Detection of cellular levels of Rpb1 by western blot

Late log phase yeast cells were harvested and the whole
cell extracts were prepared as described previously (43).
Proteins were resolved on an sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) gel and
transferred onto a polyvinylidene difluoride membrane
(Immobilon-P; Millipore). Rpbl and glyceraldehyde-3-
phosphate dehydrogenase, loading control (GAPDH), were
probed with 8WG16 (Neoclone), which recognizes the C-
terminal repeats of Rpbl, and GAPDH Loading Control
Antibody (Thermol Scientific). Blots were incubated with
SuperSignal West Femto Maximum Sensitivity Substrate
(Thermo Scientific), and the protein bands were detected
using ChemiDoc™ XRS+ System (Bio-Rad).

Measurement of RNAP II densities on the RPB2 gene by
chromatin immunoprecipitation (ChIP) assay

The ChIP assay was performed as described previously (44).
Briefly, yeast cells were grown in synthetic dextrose medium
to late log phase, cross-linked with 1% formaldehyde and
lysed by vortexing with glass beads. The cell lysates were
sonicated by using a Bioruptor (Diagenode) to shear the
chromatin DNA to an average size of 200 bp and clarified by
centrifugation at 4°C. An aliquot from each of the clarified
lysates was saved as an input. The remaining lysates were
immunoprecipited with the anti-Rpbl antibody 8WG16 or
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Figure 2. Effects of rpbl E1103G and rpbIl G730D mutations on overall transcription in vivo. (A—C) Gel blots showing incorporation of '*C uracil into
different species of RNAs in UV-irradiated and unirradiated rad/4 A cells expressing wild-type Rpbl, and rpb1 E1103G and rpbI G730 D mutants. Numbers
on the top of the blots indicate time (min) of incubation at 30°C. rRNA and tRNA species are marked on the left of the blots. mRNAs, most of which
are in the size range of 0.3-5 kb (average 1.3 kb) (45), migrated as smear. (D-F) Same blots as those of A-C, respectively, but with higher exposure. (G-I)
Plots showing scans of *C signal intensities along the lanes of the gel blots shown in A—C, respectively. Numbers on top of the plots indicate relative signal
intensity (arbitrary units). The ratio of signal intensities between the transcripts of around 1.3 kb and those of around 0.25 kb after 120 min of incubation

is shown at the bottom of each plot.
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Figure 3. Effects of rphb1 E1103G and rpbl G730D mutations on GALI0 transcription. (A—C) Northern blots showing GALI0 transcripts in UV-irradiated
and unirradiated radl4A cells expressing wild-type Rpbl, and rpbl E1103G and rpbl G730D mutants. Note that the 18S rRNA has certain level of cross-
hybridization with the GAL0 riboprobe. Numbers on top of the blots indicate time (min) of incubation in galactose medium at 30°C. (D-F) Plots showing
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transcripts.
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Figure 4. Effects of rppl E1103G and rpbl G730D mutations on TCR. (A-C) Sequencing gel showing TCR of CPDs in radl6 A cells expressing wild-type
Rpbl, and rphl E1103G and rpb1 G730D mutants. (D-F) Sequencing gel showing TCR of CPDs in radl6 A rad26 A cells expressing wild-type Rpbl, and
rpbl E1103G and rpb1G730D mutants. Unirradiated (U) and irradiated samples after different times (in minutes) of repair incubation are indicated at the
top of the gel lanes. Nucleotide positions shown on the left are relative to the TSS.

mock immunoprecipitated. DNA fragments corresponding
to different regions of the RPB2 gene in the input, immuno-
precipitated and mock immunoprecipitated samples were
quantified in triplicates by using real-time polymerase chain
reaction (PCR). Primers used for amplifying the different
regions of the RPB2 gene were described previously (20).
The number of molecules in each immunoprecipitated sam-

ple was subtracted by that in the corresponding mock im-
munoprecipitated sample (generally ~5% of the immuno-
precipitated sample) and then normalized to that in the cor-
responding input. The levels of RNAP II association with
the different regions of RPB2 gene in cells expressing the
rpbl E1103G and rpbl G730D mutants were normalized to
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those in cells expressing the wild-type Rpbl. The Student’s
t-test was used for statistical analysis.

RESULTS

rpblE1103G mutation promotes transcription of UV-
damaged templates, whereas rph1G730D mutation impairs
transcription of the damaged templates irn vivo

In vitro studies with purified yeast RNAP I1 have shown that
the rpbl E1103G mutation promotes transcription bypass
of CPDs, whereas the rpb1 G730D mutation abolishes tran-
scription bypass of the DNA lesions (28). RNAP II tran-
scription is affected by chromatin structure and regulated by
a plethora of transcription elongation factors in the cell. To
determine if the Rpbl mutations also affect transcription
bypass of lesions in vivo, we measured RNAP II transcrip-
tion by detecting incorporation of radioactive “C uracil
into total RNA in yeast cells. To prevent removal of UV-
induced DNA lesions, we utilized radl4A cells, which are
completely deficient in NER (2). Late log phase yeast cells
were irradiated with 360 J/m? of 254 nm UV to induce ~1
CPD per 1 kb of DNA. Unirradiated and the UV-irradiated
cells were then incubated in the presence of '“C uracil. To-
tal RNA was isolated from the cells at different times of the
incubation, fractionated on formaldehyde agarose gels and
transferred onto membranes. The radioactive signals on the
membranes were detected with a Phosphoimager.

The 35S (6.9 kb) unspliced rRNA precursor, which is
transcribed by RNAP I, and the spliced 25S (3.4 kb) and
18S (1.8 kb) rRNAs migrated as distinct bands. Small (100—
200 nucleotides long) RNA species, including tRNAs and
5S rRNA, which are transcribed by RNAP 111, and the 5.8S
rRNA, which is spliced from the 35S rRNA precursor, mi-
grated as a diffused band at the bottom of the gels (Fig-
ure 2). mRNAs, which are transcribed by RNAP 11 and pre-
dominantly in the range of 0.3-5 kb (average 1.3 kb) (45),
migrated as smears. '*C uracil was rapidly incorporated
into the different RNA species in the unirradiated radl4A
RPBI (wild-type) and radl4 A rpb1 E1103 G cells. The incor-
poration was slower in the unirradiated radl4 A rpb1 G730D

cells, indicating that the mutation causes decreased tran-
scription. The rpb1 G730D cells grow very slowly, which is
likely caused by decreased synthesis of mRNAs by RNAP
I1, which in turn results in decreased synthesis of other
RNA species by other RNAPs.

UV irradiation greatly decreased incorporation of “C
uracil into RNAs. However, the radl4A rpbl E1103G cells
had a higher level of incorporation of “C uracil into
mRNAs than radl4A RPBI cells, whereas the radl4A
rpb1G730D cells showed very little level of the incorpo-
ration after UV irradiation (Figure 2G-I). To see how
the different Rpbl mutations affect transcription elonga-
tion of mRNAs, we calculated the ratios of signal inten-
sities between transcripts of around 1.3 kb and those of
around 0.25 kb. Transcripts of these lengths were well sep-
arated from the bands of the big rRNAs and small RNA
species on the gel. A higher ratio will indicate that more
shorter transcripts were elongated into longer transcripts,
and thus reflect a more proficient transcription elongation.
After 120 min of incubation, the ratios were 5.9 and 1.8
in unirradiated and UV-irradiated radl4A RPBI cells, re-
spectively (Figure 2G), indicating UV-induced DNA lesions
impaired transcription elongation of mRNAs. The ratios
were 3.0 and 1.0 in UV-irradiated radl4 A rpbl E1103G and
radl4A rpbl1G730D cells, respectively (Figure 2H and I).
These results suggest that the rphbl E1103G and rpb1 G730D
mutations respectively promotes and impairs transcription
elongation of mRNAs on UV-damaged templates. These
results agree well with the in vitro observations that the
Rpbl1E1103G and G730D mutations respectively promotes
and abolishes transcription bypass of DNA lesions (28).

To specifically analyze the effects of the rpb1 E1103G and
rpb1G730D mutations on RNAP II transcription and rule
out the interference by transcripts of other RNAPs, we
measured GALIO transcripts in UV-irradiated cells. The
GALIO0 gene is not transcribed in glycerol/lactate/ethanol
media, but can be rapidly induced upon switching of the
cells to galactose media (46). Yeast cells were grown in a
glycerol/lactate/ethanol medium to late log phase, irradi-
ated with 120 J/m? of UV (the dose we used for TCR analy-
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Figure 6. No repair of CPDs occurred in the non-transcribed strand of the
RPB?2 gene in radl6 A cells expressing wild-type Rpbl, and rpbl E1103G
and rpb! G730D mutants.

ses) and switched to a galactose medium. For unknown rea-
son(s), the rpb1 G730D mutant cells grow almost as quickly
as wild-type cells in glycerol/lactate/ethanol or galactose
media (not shown). Total RNA was isolated from the cells
at different times of incubation in the galactose medium.
The GALI10 transcripts were detected on northern blots by
using a riboprobe that is complementary to the 5’ end of the
GALIO transcripts.

GALI0 transcripts could be easily detected in all the yeast
cells analyzed after 10 min of galactose induction and lev-
eled off after ~40 min of the induction (Figure 3). UV ir-
radiation impaired the transcription of GALI0 gene. The
radl4A rpbl E1103G cells had a higher level of the GAL10
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transcripts than radl4A RPBI cells, whereas the radl4A
rpb1G730D cells showed a lower level of the transcripts.
Also, the predominant GALI0 transcripts were longest in
the radl4A rpbl E1103G cells and shortest in the radl4A
rpb1G730D cells (Figure 3D and E). A higher level of longer
transcripts will indicate more proficient transcription elon-
gation, and vice versa. Taken together, our results indi-
cate that the rpbl E1103G and rpbl G730D mutations re-
spectively promotes and impairs transcription elongation of
the UV-damaged GALI0 gene. However, full-length GAL10
transcripts were rare in all the cells analyzed, indicating that
even the rpbl E1103G mutation may not enable full tran-
scription bypass of UV lesions.

rpb1 E1103 G mutation attenuates TCR, whereas rpb1G730D
mutation enhances TCR

To determine the implication of transcription bypass of
DNA lesions in TCR, we directly measured repair of UV-
induced CPDs in the RPB2 gene in radl6 A RPBI, radl6 A
rpbl E1103G and radl6 A rpb1 G730D yeast cells. The reason
for using radl6 A cells for the measurement is to eliminate
GGR so that TCR can be unambiguously analyzed. Indeed,
repair could not be seen in the region of the transcribed
strand that is 40 nucleotides upstream of the transcription
start site (TSS) (where TCR does not operate) (Figure 4A—
F), or in the non-transcribed strand of the RPB2 gene (Fig-
ure 6A—C). TCR could be easily seen in radl6A RPBI cells
(Figure 4A). As expected, additional deletion of RAD26
decreased TCR (Figure 4D). Surprisingly, the rpbl E1103G
mutation caused attenuation of TCR in both radl6A and
radl6 A rad26 A cells (Figure 4, compare panels A and B,
and D and E; Figure 5). In contrast, the rpb! G730D mu-
tation enhanced TCR in both radl6 A and radl6 A rad26 A
cells (Figure 4, compare panels A and C, and D and F; Fig-
ure 5).

Our results indicate that enhanced transcription bypass
of DNA lesions attenuates TCR regardless the presence of
Rad26. On the other hand, impaired transcription bypass of
DNA lesions enhances Rad26-dependent and independent
TCR.

rpbl1 E1103G mutation increases cell resistance to UV re-
gardless the presence of any NER subpathways, whereas
rpb1G730D mutation decreases cell resistance to UV only in
the absence of GGR

The rpb1 E1103G mutation was observed to increase UV re-
sistance of RAD26 cells but not that of rad26 A cells, sug-
gesting that the increased resistance is dependent on Rad26-
dependent TCR (28). Our direct analysis of TCR showed
that the mutation actually attenuate TCR regardless of the
presence of Rad26. To determine if the increased UV re-
sistance is dependent on Rad26-dependent TCR or other
subpathway of NER, we measured epistatic interactions of
the rpbl E1103G and rpbl G730D mutations with RAD26,
which plays an important role in TCR, and with RADI6
and RADI4, which are essential for GGR and the entire
NER, respectively. The rpb1 E1103G mutation increases UV
resistance of the otherwise wild-type, rad26 A (Figure 7A),
radl6 A, radl6 A rad26A (Figure 7B and D) and radl4A



13250 Nucleic Acids Research, 2014, Vol. 42, No. 21

A UV dose (J/m?) 0 40 80
Dilution fold 1 10! 10% 10° 10* 1 10! 10% 103 104 1 10% 10% 103 10°
RPBI (WT)
rob1E1103G
rpb1G730D
rad26A RPB1 (WT)
rad26A rpb1E1103G
rad26A rpb1G730D

B UV dose (J/m?) 0 3 6
Dilution fold
rad16A4 RPB1 (WT)

rad16A rpb1E1103G

rad16A rpb1G730D

rad16A rad26A RPB1 (WT)
rad16A rad26A rpb1E1103G
rad164 rad26A4 rpb1G730D

10% 103 10*

C UV dose (J/m?)
Dilution fold

rad14A RPB1 (WT)

rad14A rpb1E1103G
rad14A rpb1G730D

4
1 10! 102 103 10¢

--#-- RPB1 (WT)
—o— 1pb1E1103G

“a..., —O— IPb1G730D

Survival fraction (%)

0 2 4 6 8 0 2 4 6 8
UV dose (J/Im?)

Figure 7. Epistatic interactions of rpbl E1103G and rpbl G730D mutations with different NER genes. (A-C) Spotting assay showing the effects of
rpbl E1103G and rpbI G730D mutations on UV sensitivities of yeast cells with different NER subpathways operative. (D) Colony formation assay showing
the effects of rpbl E1103G and rpb1G730D mutations on UV sensitivities of radl6 A and radl6 A rad26 A cells. The values of the survival fractions are the
means of three repeats. Standard error bars are within the symbols of the data points.
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Figure 8. Both rpbl E1103G and rpb1 G730D mutations cause a deficiency
in transcription processivity. (A) Western blot showing expression lev-
els of the wild-type Rpbl and rpbl E1103G and rpb1G730D mutants in
radl6 A and radl6 A rad26 A cells. The GAPDH is used as loading control.
(B) Schematic of the RPB2 gene. Nucleotide positions are relative to the
TSS. Vertical arrows at the 3’ end of the gene indicate the two alternative
polyadenylation sites (39). Short horizontal bars above the schematic indi-
cate regions of 134-150 bp amplified by real-time PCR for quantification
of ChIP fragments of the RPB2 gene (20). (C) RNAP II densities in differ-
ent regions of the RPB2 gene. The RNAP II densities in the TSS, 1, 2.5 and
3.9 kb regions of the RPB2 gene in RPBI (wild-type) cells were normal-
ized to 1. The densities of rpbl E1103G and rpbl G730D mutant RNAP 11
in the different regions of the RPB2 gene are relative to those in the corre-
sponding regions of the RPB2 gene in RPBI cells. The values of RNAP II
densities are represented as mean (£SD) of three ChIP experiments. Sin-
gle asterisks (*) denote a P-value of <0.05, in the Student’s #-test between
the mutant and wild-type cells for RNAP II densities in the corresponding
regions of the RPB2 gene. Above the bars of rpbl E1103G and rpb1 G730D
samples are shown the P-values of Student’s z-test between the TSS region
and the 1, 2.5 or 3.9 kb region (a P-value of <0.05 is considered to be
significant).

(Figure 7C) cells. These results indicate that the increased
UV resistance is independent of Rad26-dependent TCR,
GGR or the entire NER. Rather, the increased UV resis-
tance is likely due to enhanced lesion tolerance conferred
by increased transcription bypass of the lesions. Our results
do not agree with the previous report showing that the in-
creased UV resistance of the rpbl E1103G mutants is de-
pendent on Rad26 (28). The reason for the discrepancy is
unknown, but may be caused by strain background differ-
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ences. All the strains used in this study were created in the
Y452 background.

The rpbl1G730D mutation decreases UV resistance of
radl6 A and radl6 A rad26 A cells (Figure 7B and D), but
has no effect on UV resistance of wild-type, rad26 A (Fig-
ure 7A) and radl4 A (Figure 7C) cells. These results suggest
that, in the absence of Rad16-mediated GGR, abolition of
transcription bypass of lesions decreases DNA lesion toler-
ance, although the abolition enhances TCR.

The decreased UV resistance of the rpbl G730D mutant
may be caused not only by stalling at DNA lesions but also
by lower overall transcription processivity, which may lead
to aberrant transcription of multiple genes and, as a re-
sult, destabilizes cellular metabolism in general. We there-
fore examined the expression levels of the wild-type Rpbl
and the rpb1G730D and rpbl E1103G mutants, and mea-
sured the densities of RNAP II in different regions of the
RPB?2 gene. The rpbl E1103G and rpbl G730D mutant pro-
teins were expressed to similar levels that were approxi-
mately twice as high as the wild-type Rpbl (Figure 8A).
The density of the rpbl E1103G mutant RNAP II in the 1-
kb region of the RPB2 gene was higher than that of the
wild-type RNAP II, indicating that this mutant RNAP II
tends to pause at this region (Figure 8B and C). The den-
sity of the rpb1G730D mutant RNAP II was higher than
that of the wild-type RNAP II in the region around TSS of
the RPB2 gene. The higher expression levels of the Rpbl
mutants may enable more efficient loading of the mutant
RNAP II to the promoter, leading to high densities toward
the 5’ end of the RPB2 gene. The densities of rppl E1103G
and rpbG730D mutant RNAP II decreased toward the 3
end of the RPB2 gene (Figure 8C), indicating that both mu-
tants have a deficiency in transcription processivity. There-
fore, the decreased UV resistance of the rpb! G730 D mutant
may not be primarily caused by a lower overall transcrip-
tion processivity, as the rpb1 E1103G mutant has similar de-
ficiency in transcription processivity but shows increased
UV resistance.

DISCUSSION

We showed here that increased transcription bypass of
CPDs attenuates TCR but enhances cell survival, whereas
impairment of the bypass enhances TCR but decreases cell
survival in the absence of GGR. Our results do not support
the proposition that the bypass, which may expose the le-
sions, is required for TCR (28,35). Rather, the bypass may
actually weaken the recognition of lesions during TCR.

Transcription bypass of a DNA lesion could have seri-
ous repercussions on the cell, particularly if the lesion has
miscoding properties, resulting in the insertion of incorrect
nucleotides into the mRNA and generation of a mutant pro-
tein (25). However, the bypass may allow the completion of
the ongoing mRNA synthesis to provide a steady supply
of the housekeeping and repair proteins in the presence of
the lesions, thereby enhancing cell survival. Therefore, the
bypass may serve as a DNA damage tolerance mechanism
that is alternative to TCR. The survival benefit of the dam-
age tolerance appears to outweigh the survival deficiency of
TCR attenuation caused by enhanced transcription bypass
of DNA lesions.
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Our results offer direct evidence for the long-standing but
unproven notion that TCR requires sufficient stalling of an
RNAP. Incorporation of one or two nucleotides opposite a
CPD, especially misincorporation of a nucleotide opposite
the 5’ nucleotide of a CPD appears to be necessary to induce
RNAP II stalling and potentially invoke TCR (28,47-48).
We show here that the rpbl G730D mutation, which blocks
RNAP II by preventing nucleotide incorporation opposite
both the 3’ and 5 nucleotides of a CPD, enhances TCR.
This suggests that sufficient stalling of RNAP II, regard-
less of incorporation or misincorporation of nucleotides op-
posite a lesion, may be sufficient for eliciting TCR. How-
ever, transcription is regulated by a plethora of transcrip-
tion elongation factors in the cell, if the rpb1G730D mu-
tant RNAP II can catalyze incorporation of nucleotides
across CPDs that leads to transcription stalling in vivo has
not been tested. Therefore, if the enhanced TCR caused by
the rpb1 G730 D mutation requires the incorporation or mis-
incorporation of nucleotide(s) across CPDs in living yeast
cells remains to be determined. Besides enhancing TCR,
stalling of RNAP II blocks ongoing transcription and may
also impair replication, resulting in reduced resistance to
DNA damage especially in the absence of GGR. In this
case, the survival deficiency caused by impaired transcrip-
tion bypass of DNA lesions outweighs the survival benefit
of enhanced TCR.

Previous studies have ruled out the roles of ubiquitina-
tion and degradation of Rpb1 (49-51) and back-tracking of
RNAP II by TFIIS (52) in TCR. A number of transcription
elongation factors, such as Spt4 (22), Spt5 (20,21) and PAFc
(24), which stabilize and promote forward-tracking of the
RNAP II elongation complex, have been shown to repress
TCR. Here, we show that transcription bypass of lesions at-
tenuates TCR, although the bypass may expose the lesions
to DNA repair machinery. Taken together, these studies ap-
pear to support the model that the RNAP II complex stalled
at a lesion may be remodeled, rather than removed from the
stalled site, to initiate TCR in eukaryotic cells. How RNAP
IT complex is remodeled during TCR remains to be eluci-
dated.
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