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SUMMARY

UV-induced cyclobutane pyrimidine dimers (CPDs)
in the template DNA strand stall transcription elonga-
tion by RNA polymerase Il (Pol Il). If the nucleotide
excision repair machinery does not promptly remove
the CPDs, stalled Pol Il creates a roadblock for DNA
replication and subsequent rounds of transcription.
Here we present evidence that Pol Il has an intrinsic
capacity for translesion synthesis (TLS) that enables
bypass of the CPD with or without repair. Translesion
synthesis depends on the trigger loop and bridge
helix, the two flexible regions of the Pol Il subunit
Rpb1 that participate in substrate binding, catalysis,
and translocation. Substitutions in Rpb1 that
promote lesion bypass in vitro increase UV resis-
tance in vivo, and substitutions that inhibit lesion
bypass decrease cell survival after UV irradiation.
Thus, translesion transcription becomes essential
for cell survival upon accumulation of the unrepaired
CPD lesions in genomic DNA.

INTRODUCTION

DNA damage caused by UV irradiation or chemical modifications
affects all DNA transactions, including replication and transcrip-
tion. Single- and double-strand breaks, along with the various
DNA lesions, can interfere with the progression of DNA and
RNA polymerases and compromise fidelity of genetic informa-
tion transfer (Friedberg, 1996). Therefore, cells have evolved an
orchestrated interplay of various DNA repair mechanisms to
prevent the life-threatening disruption of replication and tran-
scription by DNA damage. Nonbulky and non-helix-distorting
DNA lesions are preferentially removed by base excision repair
while damage that causes large DNA distortion, such as UV-
induced cyclobutane pyrimidine dimers (CPDs) are subject to
the nucleotide-excision repair (NER) pathway (Hoeijmakers,
2001). Despite ongoing DNA repair, some lesions escape detec-
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tion and pose a potentially lethal roadblock for both replication
and transcription machineries. Therefore, cell resistance to UV
irradiation depends on the efficiency of all the DNA repair path-
ways, and on the ability of the replication and transcription
machineries to bypass sites of unrepaired DNA damage.

DNA damage, such as abasic sites or cis-syn CPDs, typically
causes replication fork arrest, which does not necessarily
promote lesion repair. Interestingly, replicative DNA polymer-
ases preferentially insert an adenine nucleotide opposite nonin-
structional abasic sites according to the A-rule (Strauss, 1991;
Taylor, 2002). Structures of DNA polymerases in complex with
DNA containing cis-syn CPD revealed the highly constrained
shape of the active site, which only accommodates a single
template base and prevents damaged template bases from
entering the active site (Li et al., 2004). Consistently, replicative
polymerases catalyze nontemplated adenine insertion opposite
the first thymine of the CPD (3'T) when the lesion is excluded
from the active center, but catalyze template-directed adenine
insertion opposite the second thymine (5’T) when the lesion
occupies the active site (Li et al., 2004).

Replication can be restarted and the deleterious effect of DNA
lesions alleviated by translesion DNA synthesis. During transle-
sion synthesis (TLS), the high-fidelity replicative DNA polymer-
ases are transiently replaced by translesion DNA polymerases
(reviewed in Waters et al., 2009).The relaxed active site of trans-
lesion polymerases can accommodate various damaged
template bases, thus enabling their bypass. Compared to the
replicative DNA polymerases, translesion polymerases lack a
3’ to 5 proofreading exonuclease activity and have reduced
fidelity when replicating undamaged DNA, with error rates
ranging from 107" to 107°. Consequently, the undamaged
DNA replication by translesion polymerases is potentially muta-
genic. However, certain translesion polymerases replicate
across particular DNA lesions in an error-free manner and
with a high efficiency of nucleotide insertion opposite the lesion.
The error-free activity of DNA Pol n in bypassing UV-induced
lesions is critical for the avoidance of sunlight-induced skin
cancers in humans (Waters et al., 2009).

An encounter of RNA polymerase with DNA lesions triggers
transcription-coupled nucleotide excision repair (TC-NER),
which efficiently removes bulky lesions from the transcribed
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strand (Bohr et al., 1985; Mellon et al., 1987). Pol Il stalled at a
lesion recruits the repair machinery (Hanawalt and Spivak,
2008). Recruitment of the repair factors is necessary but not
sufficient for lesion removal, because the DNA lesion is buried
within the stalled RNA polymerase and is not accessible to the
proteins that conduct repair (Brueckner et al.,, 2007). The
damaged DNA strand may be excised in the presence of Pol Il
(Brueckner et al., 2007), or Pol Il may be removed from the lesion
by proteolytic degradation (Woudstra et al., 2002) or by a back-
ward movement of the elongation complex. Lesion bypass is
considered an alternative possibility during TC-NER (Hanawalt
and Spivak, 2008). Indeed, RNA polymerase can bypass various
types of DNA damage, such as abasic sites or single-strand
breaks, however with a likelihood of transcriptional mutagenesis
(Saxowsky and Doetsch, 2006).

In principle, there are three different outcomes of Pol Il nego-
tiation with a lesion: (i) stalling due to a block of translocation into
the active site, as seen for the bulky cis-platin lesion (Damsma
et al., 2007) (i) stalling due to nucleotide misincorporation oppo-
site the lesion, as observed for the CPD (Brueckner et al., 2007),
or (iii) bypass, as observed for small lesions like 8-oxoG (Dam-
sma and Cramer, 2009). Although bulky DNA photoproducts
such as CPDs efficiently stall transcription in vitro (Brueckner
et al., 2007; Donahue et al., 1994), several lines of evidence
suggest that CPDs do not constitute absolute blocks to tran-
scription in vivo (Brooks et al., 2000; Ljungman and Zhang,
1996; Marietta and Brooks, 2007). However, the physiological
significance and mechanism of any translesion transcription for
bulky lesions remains poorly understood.

In this work, we address the mechanism of DNA lesion bypass
by Pol Il and its role in cell survival after UV irradiation. For anal-
ysis of translesion transcription, we used mutant variants of Pol Il
with antagonistic elongation defects and with altered transcrip-
tion fidelity. Our findings reveal striking similarities between the
mechanisms of TLS by Pol Il and that for replicative and transle-
sion DNA polymerases. Thus, lesion bypass by Pol Il represents
a housekeeping mechanism for DNA damage tolerance. We also
provide the first evidence that TLS may represent a mechanism
for exposure of the lesions to TC-NER proteins as an alternative
to ubiquitin-mediated degradation of Pol II.

RESULTS

CPD Bypass Correlates with Increased Cellular

UV Resistance

Mutations in the catalytic Rpb1 subunit of Pol Il that alter the
active center flexibility and cause defects in the rate of bond
formation and transcription fidelity provide a unique tool to inves-
tigate possible TLS by Pol Il. In this work, we used mutant poly-
merases Rpb1-E1103G and Rpb1-G730D with antagonistic
elongation defect and altered transcription fidelity. In vitro tran-
scription assays showed that Rpb1-E1103G mutation increases
the bulk rate of elongation by Pol Il by 3-fold while Rpb1-G730D
mutation confers a severe 10-fold decrease of the transcription
rate (Supplemental Information and Figure S1A). The E1103
residue in Rpb1 controls transcription fidelity by stabilizing the
open or destabilizing the closed conformation of the trigger
loop (TL) (Kireeva et al., 2008), a flexible element of Pol Il catalytic

center that encloses the incoming NTP (Figure 1A) (Kaplan et al.,
2008; Wang et al., 2006). The E1103G mutation decreases tran-
scription fidelity in vitro and in vivo, possibly by promoting the TL
closure over mispaired bases (Kireeva et al., 2008). Similarly to
E1103G substitution, Rpb1-G730D mutation substantially
decreased fidelity in vitro (Supplemental Information and Fig-
ure S1B). Note that this mutation was reported to increase fidelity
in vivo (Koyama et al., 2010). We discussed possible explana-
tions for this discrepancy in the Supplemental Information. The
Rpb1-G730 residue is positioned in the long «21 helix, which
forms a part of the secondary pore in the enzyme and contacts
the TL (Figure 1A) (Cramer et al., 2001). Rpb1-G730D may affect
the proper alignment of the B/y phosphate moiety of the
incoming NTP with the 3'OH group of the RNA required for catal-
ysis, thus resulting in decreased fidelity (Supplemental Informa-
tion and Figure S1C). Thus, both mutations alter the catalytic
activity of Pol Il in the opposite ways and render Pol Il error-
prone, most likely through different mechanisms (Supplemental
Information and Figure S1).

First, we analyzed the effects of the mutations in the Rpb1
subunit on UV sensitivity of S. cerevisiae. We constructed yeast
strains in arad16 background that carried wild-type RPB1, rpb1-
E1103G, and rpb1-G730D mutations. RAD16 encodes an essen-
tial component of an efficient global genomic nucleotide excision
repair pathway (GG-NER). RAD16 deletion leads to a significant
increase of the cell sensitivity to UV (Supplemental Information
and Figure S1D), rendering the cells more dependent on the
less efficient TC-NER pathway, which requires the functional
RAD26 gene (van Gool et al., 1994). In the rad716 mutant back-
ground, changes in the rate of transcription and fidelity have
a significant impact on cell sensitivity to UV irradiation. Specifi-
cally, the rob7-E1103G mutation confers UV resistance whereas
rpb1-G730D mutation exacerbates the UV sensitivity (Figure 1B).
These results suggest a direct correlation between Pol Il catalytic
activity and UV sensitivity when the GG-NER is abolished. This
correlation could be explained in at least two ways: the altered
Pol Il behavior and fidelity at DNA lesions might (i) directly affect
the DNA repair by TC-NER and GG-NER and/or (ii) prevent/
amplify the lethal consequences of the unrepaired lesion
accumulation.

CPD lesions are the most common type of chemical DNA
damage induced by UV light. To investigate how the Pol Il
mutations could affect UV sensitivity, we tested the ability of
the purified wild-type and mutant polymerases to transcribe a
single CPD located in the template DNA strand (Figure 1C). We
monitored RNA extension using a promoter-independent assay
with CPD-stalled ternary elongation complexes carrying a 12 nt
transcript (TEC12). The TECs were reconstituted with
S. cerevisiae Pol Il and nucleic acid scaffolds as described previ-
ously (Walmacq et al., 2009), and incubated with physiological
concentration of NTPs. The majority of the TECs stalled after
incorporation of a nucleotide opposite the first thymidine (3'T)
of the lesion (Figure 1C), which was in general agreement with
previous reports (Donahue et al., 1994; Selby et al., 1997).
However, a low but detectable amount of the lesion bypass tran-
script gradually accumulated (Figure 1C, “RO*” in lanes 2-5).
The slow rate of the runoff accumulation argued that this product
resulted from bypass of the damage site rather than from
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Figure 1. Point Mutations in Pol Il Affect Cell Tolerance to UV Irradiation and CPD Bypass In Vitro

(A) TEC structure of S. cerevisiae Pol Il with the closed (cyan) and the open TL (yellow) (PDB: 2E2H [Wang et al., 2006] and PDB: 1Y1V [Kettenberger et al., 2003])
aligned using the VMD software (Humphrey et al., 1996). The opened TL conformation (in PDB: 1Y1V) structure required the TFIIS protein (not shown). The DNA
backbone and RNA are shown in light and dark gray, respectively. Rpb1-E1103 is located at the base of the TL. Rpb1-G730 locates in the 221 helix, the outer
region of the secondary channel (Cramer et al., 2001). Cartoon in the box shows contacts of the NTP with the closed TL and 220-2.23 helices domain in the
secondary channel.

(B) rpb1-E1103G mutation increases UV resistance of yeast while rob7-G730D mutation exacerbates the UV sensitivity. Survival was averaged from at least three
to five independent experiments.

(C) WT, E1103G, or G730D TEC12 obtained on TT dimer-containing template (TS71-CPD38/NTS71-38) was incubated with NTPs for various times
(see Experimental Procedures). The plot shows an average of the results of three experiments and the error bars indicate the standard deviation.
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transcription of a residual amount of nondamaged DNA (Fig-
ure S1E, lanes 24-29). Thus, Pol Il was capable of bypassing
a CPD lesion in the transcribed DNA strand, albeit at a dramati-
cally slower rate compared to the CPD in the nontranscribed
strand (Figure S1E). The time frame for lesion bypass in vitro is
comparable to that of the lesion repair by TC-NER in vivo (Hana-
walt and Spivak, 2008).

Importantly, mutations in the catalytic subunit affect the ability
of Pol Il to transcribe through the lesion in vitro. The Pol Il G730D
and E1103G error-prone mutant enzymes either abrogated or
stimulated the bypass, respectively (Figure 1C, lanes 12-15
and lanes 7-10). E1103G mutant enhanced nucleotide incorpo-
ration opposite the 3'T-CPD (compare lanes 2 and 7), which
resulted in successful bypass (Supplemental Information and
Figure S2). Similarly, glycine substitution of Rpb1 T1095 residue
of the TL, which has been implicated in fidelity control by direct
interaction with the E1103 residue (Kireeva et al., 2008), also
promoted lesion bypass (T1095G, Supplemental Information
and Figure S1F). To elucidate the molecular details of the bypass
pathway, we carried out a biochemical and a structural charac-
terization of the bypass intermediates.

CPD Does Not Impede Pol Il Translocation along DNA

It has been previously proposed that lesions in the template DNA
block forward translocation of Pol Il causing catalytic arrest
(Brueckner et al., 2007). A well described mechanism for arrest
of Pol Il during transcription is backtracking (Cheung and
Cramer, 2011; Komissarova and Kashlev, 1997). The back-
tracked TEC originates from the pretranslocated state by a one
bp backward motion, associated with extrusion of the 3’ end of
the RNA into the secondary pore. The pretranslocated TEC
contains the 3’ end of the RNA in the NTP-binding site of the
active center, thereby preventing loading of the next NTP. The
posttranslocated TEC originates from the pretranslocated TEC
by a one bp forward movement of the enzyme along RNA and
DNA, thereby vacating the NTP-binding site. Binding of the
incoming NTP prevents Pol Il to return to the pretranslocated
state, thus stabilizing the posttranslocated state (reviewed in
Burton et al., 2005).

To define the translocation state of the CPD-stalled TEC, we
used DNA digestion with exonuclease Il (Exo Ill) (Walmacq
et al., 2009). Figure 2 shows the time-resolved rear-end and
front-end Exo Ill footprints of Pol Il in TEC12. On the lesion-
free template, the pretranslocated state boundary is detected
in about half of the TECs after 40 s with Exo Ill (Figure 2B,
lane 2); upon the longer incubation, all convert to the posttrans-
located state (lanes 3-5). The presence of a CPD lesion
appears to slightly promote forward translocation of Pol I
(Figure 2B, compare lanes 3 and 7). The addition of the non-
hydrolysable ATP analog shifted the equilibrium toward the
posttranslocated state in the regular TEC12 (Figures 2B and
2C; compare lanes 2 and 3 to 11 and 12) but it had little effect
on the complex arrested at the lesion, which was already in the
posttranslocated state (Figure 2B, compare lanes 7 and 16).
Therefore, the CPD lesion may either impair loading of ATP to
the active site of posttranslocated Pol Il and/or prevent isom-
erization of the NTP-containing complex into the closed, cata-
lytically competent conformation. This observation is consistent

with an extremely low catalytic activity of TEC12 (Figures 1C
and S1B).

Probing the front-end boundary in TEC12 with Exo |l
confirmed that the CPD lesion shifted Pol Il to the posttranslo-
cated state (Figure 2E, lanes 2 and 3 and lanes 8 and 9). While
the rear-end Exo lll footprinting did not show the transient back-
tracking, the front-end Exo Il probing revealed a propensity of
Pol Il to backtrack. A substantial one bp backtracking was
detected on the nonmodified template and on the CPD-contain-
ing template (lanes 3-6 and 9-12). The observed difference
between the front- and the rear-end footprints of TEC12 is recon-
ciled by the reported ability of Exo Il to degrade template DNA
upon transient reversible backtracking of RNA polymerase
(Kireeva et al., 2008). Notably, the CPD lesion made TEC12
slightly more resistant to backtracking, consequently making
the front-end DNA more resistant to Exo lll (lanes 3 and 4 and
lanes 9 and 10 and Figure 2F). Thus, Pol Il is stabilized in the
posttranslocated state by the downstream CPD, ruling out the
possibility of backtracking as the mechanism of stalling by CPD.

Nontemplated AMP Incorporation Opposite the 3'T-CPD
According to the A-Rule

Similarly to Pol Il stalling at cis-platin damaged DNA, the pro-
longed pausing at a 3'T-CPD may also result from impaired entry
of the CPD into the polymerase active site. Such impairment was
shown to promote nontemplated RNA synthesis across cis-
platin damaged DNA (Damsma et al., 2007). To identify the
source of CPD-induced pausing, we compared the selectivity
of nucleotide incorporation during transcription of templates
containing the CPD or an abasic site replacing the 3'T-CPD
(Figures 3A and 3B). The RNA products of the same length but
carrying the different 3’ terminal NMPs have different electropho-
retic mobilities in the gel allowing distinction between the proper
ATP incorporation and the misincorporation (Kireeva et al.,
2008). Notably, the effects of both lesions on the first NTP incor-
poration were strikingly similar. Incubation of TEC12 with indi-
vidual NTPs revealed that Pol Il selectively incorporated AMP
opposite the 3'T-CPD and the 3’ abasic site. For both lesions,
incubation with 1 mM ATP resulted in RNA extension by three
nucleotides, while in the presence of all four NTPs extension
was limited to one nucleotide (Figures 3A, lanes 14 and 7, and
3B, lanes 9 and 5). In both cases, Pol Il incorporated A13 to
the RNA opposite the 3'T-CPD or the abasic site. However, in
the presence of ATP only, the A13 product was slowly extended
to A14 and A15 products (Figure 3A, lanes 9-14, and 3B, lanes
6-9). The A15 product resulted from misincorporation of AMP
(for GMP) one bp beyond the lesion (Figures 3A, lane 14, and
3B, lane 9). RNA extension beyond position A13 was strongly
inhibited in the presence of four NTPs. Importantly, the nontem-
plated AMP incorporation opposite the abasic site appears to be
crucial for lesion bypass by Pol Il. AMP incorporation opposite
the 3'T-CPD is also likely to be nontemplated. Upon the
prolonged incubation with ATP followed by a short chase with
four NTPs, the A14 product was quantitatively elongated to the
run-off product (Figures 3A, lane 15, and 3B, lane 10). Thus,
we conclude that the lesion bypass pathway involves AMP incor-
poration opposite both thymines of the CPD. This result is
consistent with the lesion bypass observed when a TEC was
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Figure 2. A CPD Lesion Stabilizes the TEC in the Posttranslocated States
(A) Rear-end footprint experimental setup. The figure illustrates the predicted translocation register of lesion-stalled TECs. The length of the template DNA strand
protected from Exo lll digestion differs by one nucleotide between the backtracked (42 nt), the pretranslocated (41 nt) and the posttranslocated (40 nt) state of

TEC12.

(B) Dynamics of DNA degradation by Exo Il revealed equilibrium between pre- and posttranslocated states of the TEC.
(C) The lesion confers a shift of the equilibrium toward the posttranslocated state, but inhibits stabilization of the posttranslocated state of Pol Il by an incoming
NTP. The quantification was based on the results of at least three separate experiments and the error bars show the standard deviation.

(D) Front-end footprint experimental setup.

(E) Mapping of the translocation register of Pol Il front-end boundary revealed that the lesion does not promote backtracking of TEC12.
(F) The bottom panel depicts the distribution of the three distinct front-end boundaries detected in TEC12 at various incubation times with Exo lIl.

assembled directly at the CPD site with the RNA primer carrying
two adenines complementary to the thymine bases of the CPD
(Brueckner et al., 2007).

Under physiological conditions, the translesion synthesis
across the 3'T-CPD as well as the abasic site is inhibited by
competition between ATP and the other NTPs (Figures 3A,
compare lanes 2 and 9, and 3B, lanes 2 and 6). Despite this
competition, no significant misincorporation at the 3'T-CPD
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occurred whereas incubation with either UTP, CTP, or GTP alone
resulted in significant misincorporation opposite the 3'T-CPD
(Figure 3A, lanes 14, 21, 28, and 35) or the abasic site (Figure 3B,
lanes 9, 14, 19, and 24) with rates within the same range as that of
ATP (Figure 3C). Importantly, this misincorporation at the 3'T
prevents subsequent ATP incorporation opposite the 5T and
eliminates the bypass on subsequent incubation with all four
NTPs (lanes 15, 22, 29, 36). These data were consistent with
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Figure 3. Pol Il Employs the A-Rule to Conduct ATP Insertion Oppo-
site the 3'T-CPD

(A) Preferential AMP incorporation opposite the 3'T-CPD. TEC12 was obtained
from TEC9 on CPD-DNA as described in Figure 1C and incubated with 1 mM
individual NTP or four NTPs for different times. Individual NTP reactions were
subsequently chased with four NTPs for 15 min (C). Black and white arrows
indicate normal incorporation products and misincorporation, respectively.
The longer RNA A15 derived from AMP incorporation opposite both thymines
followed by misincorporation of A for G.

(B) Nontemplated AMP incorporation opposite an abasic site (3'aB).

(C) Apparent rate constants of the correct and incorrect NTP incorporation on
regular, CPD, and aB DNA. The data shown are an average of three parallels
and the error values were obtained from the single-exponential fit of the data.

the previous sequencing analysis of CPD-arrested transcripts
showing that Pol Il was irreversibly stalled after incorporating
an incorrect nucleotide opposite the lesion (Mei Kwei et al.,
2004).

A quantitative analysis demonstrated that the efficiency of
nontemplated AMP incorporation opposite an abasic site was
comparable to that opposite the 3'T-CPD (Figure 3C). On the
regular template, the cognate AMP incorporation opposite T
occurs at a rate of 20 s™'; the rate of AMP incorporation opposite
the 3'T-CPD or the abasic site is four orders of magnitude lower
(Figure 3C). In contrast, the impact of the abasic site and CPD on
the noncognate nucleotide misincorporation is much more
subtle: the misincorporation rates are decreased only about
3-fold on the lesion-containing templates compared to the
unmodified template. This result suggests that the incorporation
of UMP, CMP, and GMP opposite the 3'T occurs by a mechanism
similar to misincorporation on a normal DNA (Walmacq et al.,
2009). Importantly, Pol Il preferentially incorporates AMP, and
to a lesser extent GMP, opposite the 3'T-CPD or an abasic posi-
tion. Such preferential, nontemplated AMP incorporation was
previously described for replicative DNA polymerases that
encounter a bulky DNA lesion and is known as the A-rule
(Strauss, 1991; Taylor, 2002). Together, these observations
demonstrate that Pol Il is able to initiate TLS by nontemplated
AMP incorporation according to the A-rule. This mechanism is
consistent with the model where the CPD lesion does not enter
the active site during nucleotide insertion opposite the 3'T-CPD
(Brueckner et al., 2007; Damsma et al., 2007).

Misincorporation at the 5'T Abrogates CPD Bypass

In the presence of ATP, lesion bypass was completed after Pol Il
slowly incorporated AMP (A14) opposite the 5T-CPD (Figures
3A, lane 14, and 3B, lane 9). This product was rapidly extended
to the run-off product by subsequent incubation with four NTPs
(Figures 3A, lane 15, and 3B, lane 10). However, with all NTPs,
accumulation of a nonextendable 14 nt product having a distinct
mobility from the A14 RNA became apparent indicating a NTP
misincorporation event (Figure 3A, lane 7). To identify the source
of this misincorporation, we analyzed RNA extension by TEC13A
(Figure 4). Prolonged incubation of TEC13A with ATP alone
followed by chase with four NTPs caused accumulation of a
significant lesion bypass product (Figure 4, compare lanes
8-10), whereas immediate incubation of TEC13A with four
NTPs resulted in weaker bypass (~7%-10%) (Figure 4, lane 7).
This result is similar to the pattern obtained with TEC12 (Fig-
ure 3A, lane 7); it suggests that the noncomplementary NTPs
compete with ATP for the incorporation opposite the 5'T of the
lesion similarly to the competition observed at the 3'T position.
Testing incorporation of each NTP revealed that UMP, but not
CMP or GMP, is incorporated in TEC13. Unlike A14 incorpora-
tion, UMP misincorporation completely abrogated the bypass
(Figure 4A, lanes 11-13). Notably, upon incubation of TEC13
with all four NTPs, the UMP misincorporation at the 5T repre-
sented the major event, and it constituted the main cause of
arrest at the lesion (Figure 4A, lane 7). This finding was consistent
with previous results (Brueckner et al., 2007). Importantly,
the rule driving nucleotide incorporation opposite the 5T
differs from the significantly more selective nontemplated AMP

Molecular Cell 46, 18-29, April 13, 2012 ©2012 Elsevier Inc. 23



A NTP  ATP UTP CTP GTP

+NTP  +NTP  +NTP +NTP9
0 5 102030601201201 15 120 115 1201151201 15  (min)

RO-» -
A15
A4,
U149 — A4 —5T

-
e tt—— e k¥
C12-+» - _-----ﬂ_“.+012

1234 5678 910111213 14151617 181920

B TEC12 TEC13A
TT CPD CPD
0 40" 1" 2 5 0 40"1" 22 5 0 40"1 2 5 Time
PRE (41-nt) -y with Exo llI
POST (40-nt) = &
w <+ PRE (40-nt)
-y W 1+ POST (39-nt)
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Figure 4. UTP Misincorporation Opposite the 5T-CPD Abrogates
Lesion Bypass

(A) TEC13A obtained from TEC12 was incubated with 1 mM individual NTP for
120 min or four NTPs for indicated time. Individual NTP reactions were
subsequently chased with four NTPs. AMP incorporation opposite the 5'T is
required for lesion bypass while UMP misincorporation results in irreversible
stalling.

(B) Rear-end Exo Il footprinting of TEC13A obtained from TEC12 as described
in Figure 2B.

incorporation at the 3'T. For the 5T, Pol Il showed a strong
discrimination against CTP and GTP and less for ATP and
UTP, indicating that this reaction may be partially directed by
the 5'T base in the template. Indeed, the Exo llI footprinting of
TEC13 revealed the equilibrium between the pretranslocated
and posttranslocated states, indicating successful loading of
the 5'T to the active center (Figure 4B, lane 12). We conclude
that Pol Il negotiation with the CPD lesion results in the nontem-
plated AMP incorporation according to the A-rule followed by
either an addition of another AMP leading to lesion bypass or
a misincorporation of UMP leading to arrest (Figure 6).

Structural Basis for CPD Translocation and
Nontemplated Incorporation

Previous work provided the structures of Pol Il TECs with a CPD
lesion in the downstream DNA (positions i+2/i+3) and within the
active center (positions i, i+1) (Brueckner et al., 2007). Here we
provide the missing crystal structure of the intermediary state
with the CPD in position i+1/i+2, which shows how the lesion
can be translocated into the active center and indicates the
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structural basis for nontemplated AMP incorporation at a lesion
(Figures 3 and 4). The crystal structure of this CPD-TEC stalled at
the 3'T of the lesion was solved and the nucleic acid sequence
within the complex was unambiguously assigned by anomalous
scattering from a bromo-uracil marker in the template strand
(Figure 5A, intermediate state). This TEC was crystallized with
DNA/RNA sequences that differ to the TEC12 scaffold, in order
to optimize crystallization and diffraction properties (Table 1).

In the new structure, the CPD-TEC adopts the posttranslo-
cated conformation with the 3’ end of the nascent RNA adjacent
to an open NTP-binding site (Figure 5A, intermediate state). In
contrast to a nondamaged posttranslocated complex (Ketten-
berger et al., 2004; Westover et al., 2004), which has the
template DNA i+1 base positioned for hybridization with the
incoming NTP next to the bridge helix in the active site, the cor-
responding i+1 base is part of a CPD that is positioned above the
bridge helix, and the normal site for the templating DNA base is
unoccupied. This impaired loading of the CPD in the active site
results in the relaxed conformation of the catalytic pocket,
causing an extra space for the accommodation of incoming
NTPs without the constraints normally imposed by the pairing
template base (i+1) in the TEC (Figure 5B, structures Il and Ill).
In the regular posttranslocated TEC, the 3’ end of the transcript
is base-paired with its complementary DNA base in position i of
the template strand (Figure 5B, left side bottom section). In the
CPD-TEC, the i template base is dislodged from its normal loca-
tion and does not pair with the 3’ end of the RNA, but rather
stacks opposite the 3'T-CPD (Figure 5B, left side top section).
The lack of a templating base in the active site provides sufficient
space to accommodate a bulky purine residue (ATP or GTP) in
the active center. These results are consistent with the model
that translesion transcription involves a nontemplated NTP
addition opposite the 3'T of the CPD located above the bridge
helix in an intermediary state of translocating the lesion into the
active site.

Role of Translesion Transcription in
Transcription-Coupled NER (TC-NER)

The inactivation of GG-NER (rad16) showed a differential UV
resistance for the rpb71-E1103G and rpb1-G730D cells indicating
that an efficient TLS positively correlated with UV cell survival
(Figure 1B). Note that the TC-NER, involving recruitment of the
repair proteins to the CPD-stalled Pol Il by Rad26, remained
active in the rad16 cells (Li and Smerdon, 2004). To address
whether the TLS contribution to UV survival required TC-NER,
we generated a deletion of the RAD26 gene in the cells harboring
Pol Il mutations (see Supplemental Experimental Procedures).
The graph in Figure 5C showed that inactivation of TC-NER
(rad26) alone rendered rpb1-G730D cells partially UV-sensitive
with no detectable effect on the WT RPB1 cells (van Gool
et al., 1994). The subsequent inactivation of GG-NER
(rad16rad26) made these cells hypersensitive to UV light. In
contrast, inactivation of TC-NER (rad26) had no effect on the
TLS-proficient rpb71-E1103G mutant unless RAD16-mediated
GG-NER was additionally eliminated. Importantly, the RAD26
deletion (with RAD16 deletion) completely abolished the positive
contribution of rpb7-E1103G mutation to the UV survival ulti-
mately linking TLS to TC-NER. This conclusion was consistent
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Figure 5. Crystal Structure of TEC Stalled at the
CPD Reveals Foundation for the A-Rule

(A) A wire-frame representation of the crystal structure of
the CPD lesion-containing TEC9 stalled upstream the CPD
(positions i+1/i+2). Pol Il TEC structures with a CPD lesion
located in the downstream DNA (positions i+2/i+3) and
within the active center (positions i/i+1) are also shown
(Brueckner et al., 2007). The RNA, template, and non-
template DNA are highlighted in red, dark blue, and cyan,
respectively. The bridge helix (BH) is shown in green. The
cartoons on the bottom highlight the details of the struc-
ture on the TT regular (right) and CPD-containing DNA
(left).

(B) The details of the configuration of the RNA 3’ end in the
regular posttranslocated TEC (PDB: 2E2H) and in its CPD-
stalled counterpart from (A). The numbers represent the
distances in angstroms between the 3’ purine base and
the complementary pyrimidine in the template DNA. The
structures on the right display a conformation of the BH
and the i+1/i+2 DNA bases in the regular posttranslocated
TEC with the incoming NTP (I), the CPD-TEC without NTP
(I, and in the CPD-TEC with the modeled purine nucleo-
tide in the active center (the NTP coordinates taken from
PDB: 2E2H).

(C) Pol Il activity modulates UV resistance by RAD26-
dependent and RAD26-independent pathways. Yeast
strains carrying RPB1WT (square), rob1-E1103G (circle),
or rpb1-G730D (triangle) mutation in the rad716rad26 and
rad26 background were irradiated with increasing UV
doses. UV sensitivity of yeast cells in the isogenic rad16
background was also measured independently from Fig-
ure 1B (see Supplemental Information).

DISCUSSION

We provide biochemical and crystallographic
evidence for the mechanism of lesion bypass

by Pol Il and its possible role in cellular resis-
tance to UV-induced DNA damage. As depicted
in Figure 6, TLS occurs by a nontemplated
insertion of AMP opposite the 3'T-CPD fol-
lowing the A-rule (steps 1—2— 3), followed by
a templated AMP insertion opposite the 5T-
CPD (step 4—5b). During the nontemplated
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with the enhanced UV sensitivity of the TLS-deficient rpb1-
G730D mutant in both rad16rad26 and rad26 background. In
summary, both rpb1-E1103G and rpb1-G730D mutations rely
on the Rad26 component of TC-NER to tolerate the DNA
damage. This effect may include removal of CPD-stalled Pol Il
molecules from DNA as an alternative to their degradation, which
results in restoration of transcription and replication of the
damaged DNA in addition to exposing the lesions to TC-NER
and GG-NER proteins as previously suggested (Hanawalt and
Spivak, 2008).

AMP insertion, the CPD moiety is placed over
the bridge helix (step 2—3). The CPD then
translocates into the polymerase active center
(step 3—4), and the 5'T-CPD then directs slow
incorporation of a cognate AMP (step 4— 5b)
(Brueckner et al., 2007). Translocation is disfa-
vored as previously reported (Brueckner et al., 2007), but our
DNA footprinting data showed that it is not totally blocked. The
nontemplated incorporation of the first AMP may help to stabilize
the next state in TLS with the CPD translocated into the active
site by pairing of the 3'AMP with the 3'T-CPD (step 3—4).
Accommodation of the CPD within the active site is probably
accompanied by conformational changes, such as TL opening
and BH straightening, to poise the complex for the next cycle
of NMP (AMP) addition. Once the CPD is in the active site and
both AMPs are incorporated, Pol Il can easily complete the
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Figure 6. Steps in the CPD Bypass

(A) Individual steps in negotiation of Pol Il with a CPD
lesion (orange) and putative conformational changes in the
TL (cyan) and the BH (green) leading to the error-free
bypass or irreversible stalling. The NTP binding site
(i+1 site) is shown in light green. An interaction between
Rpb1-E1103 (yellow) and T1095 (green) residues of the TL
during the lesion bypass is shown. G730D mutation
(magenta) affects the proper alignment of the 4-helix
220-023 domain (cyan cylinders) of Rpb1 subunit in the
secondary channel with the incoming NTP (red).

(B) The proposed connection between GG-NER, TC-NER,
and TLS pathways in cellular resistance to UV-induced
DNA damage. Encounter with a CPD lesion results in Pol Il
stalling at the damage site (red ‘X’). The numbers mark:
(1) Rad26-independent TLS followed by repair by GG-NER
(2) initiation of TC-NER by Rad26 (in purple) recruitment to
the CPD-stalled Pol Il followed by (2a) the induction of TLS
to expose the CPD to TC-NER, (2b) GG-NER, or
resumption of transcription without repair (not shown). The
dashed lane represents a pathway alternative to TLS,
which involves Pol Il ubiquitination and degradation after
recruitment of Rad26/Def1 complex. TLS may contribute
to UV cellular resistance by preventing collisions between
both replication and transcription machineries. E1103G
and G730D Pol Il mutations promote and inhibit (1) and (2)
TLS, respectively.

insertion opposite the 5T exhibits a much
greater selectivity for ATP over GTP or CTP,
but a poor discrimination against UTP, likely
reflecting the base-pairing abilities of the 5'T of

¥ /R the CPD with an incoming ATP. The strong

! == s
=

@ e ia

CPD bypass. Apparently, the CPD is translocated through the
RNA-DNA hybrid without major restraints.

The observed differences in nucleotide selectivity opposite the
two thymines of the CPD further support the proposed mecha-
nism for lesion bypass. During insertion opposite the 3'T, the
incorporation of AMP is favored 5-fold over the insertion of
GMP, which is comparable to the nucleotide incorporation
tendency opposite an abasic site. This preferential adenine
insertion is strikingly similar to the A-rule proposed for DNA poly-
merases (Obeid et al., 2010; Strauss, 1991). The nucleotide
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discrimination against GTP may be dictated by
a failure to accommodate a bulky GTP:5'T
mismatch in the constrained active site already
occupied by the bulky CPD. The strong selec-
tion against the CTP:5'T mismatch may reflect
A the reported intrinsic property of Pol Il to misin-

DNA replication
Gene expression

corporate UMP better than CMP opposite non-
modified thymines in DNA (Kireeva et al., 2008).

A It is also possible that a UTP 5T wobble bp is
formed in the active site, promoting UMP misin-
corporation (Brueckner et al., 2007). The post-
translocated TEC appears to be a mechanistic
branch-point between two pathways, error-
induced stalling or error-free bypass. The first
pathway involving UMP misincorporation oppo-
site the 5'T results in irreversible stalling of Pol Il
(step 4—5a), in good agreement with previous studies (Brueck-
ner et al., 2007). The alternative pathway, which only occurs
when AMP is incorporated opposite both thymines, enables
lesion bypass (step 4— 5b).

The different aspects of translesion transcription emphasize
the striking similarities of Pol Il with both replicative and transle-
sion DNA polymerases (Figure S3). Similar to the replicative poly-
merases, Pol Il excludes the CPD from its active site and
catalyzes the nontemplated insertion opposite the 3'T-CPD.
The template-independent mechanism may be similar to the
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Table 1. Data Collection and Refinement Statistics

Data Collection Statistics

Space group C222
Unit cell axes (A) 221.64, 391.52, 281.77
Wavelength (&) 0.9188

o

Resolution range (A) 56.2 - 3.40 (3.58 - 3.40)

No. unique reflections 167266 (24255)

Completeness 100 (100)
Redundancy 7.0 (6.6)
Mosaicity (°) 0.34

Rsym 0.118 (0.787)
I/o(l) 10.7 (2.3)
Refinement Statistics

Non H atoms 32125
RMSD bonds (A) 0.011
RMSD angles (°) 1.498
Rcryst 0.165

Rfree 0.199
Molprobity Ramachandran Plot

% Residues in preferred/ 88.6/8.4/3.1

allowed/disallowed regions

Values in parenthesis are for the highest resolution shell.

one reported for the DNA polymerase KlenTaq where a tyrosine
side chain of the O-helix (a functional homolog of the bridge helix)
enters an empty active site and participates in formation of
a selective hydrogen bond with the incoming ATP to mimic its
pairing with the template thymine, which is flipped out of the
active site as a part of the CPD lesion (Obeid et al., 2010). On
the other hand, Pol Il accommodates the CPD in the active site
after the first AMP insertion to promote the second AMP addi-
tion, which completes the lesion bypass similar to translesion
DNA polymerases. The switch between these two modes may
involve cis-acting Pol Il domains such as the trigger loop and
bridge helix, and trans-acting regulatory factors that might
promote lesion bypass in vivo (Charlet-Berguerand et al.,
2006). The mutations altering transcription fidelity are proposed
to modulate the CPD bypass by affecting the flexibility of the Pol
Il active center. The lack of correlation between the miscoding
potential of a given lesion and the efficiency of its bypass was
previously reported for Pol Il (Charlet-Berguerand et al., 2006)
and translesion DNA polymerases (Waters et al., 2009). Rpb1-
E1103G and T1095G mutations promote the nucleotide insertion
opposite both thymines of the CPD (Figures 6, steps 1—3 and
4—5b, S1C, and S2). Both AMP insertions are possibly stimu-
lated by a partial TL closure on the substrate within the disturbed
active center, thus preventing rapid ATP dissociation before
bond formation (Kaplan et al., 2008; Kireeva et al., 2008). In addi-
tion, TL movement might affect bending of the bridge helix
involved in forward translocation of Pol Il (Kireeva et al., 2010).
Therefore, E1103G and T1095G mutations may promote the
second AMP insertion by facilitating delivery of both thymines
within the active site through a stronger kinking of the bridge
helix (step 3—4). As a result, both mutants transcribe across

the CPD lesion with a relatively high efficiency. Interestingly,
E1103G stimulates misincorporation of UMP opposite thymine
on regular DNA (Kireeva et al., 2008) but not opposite the
5'T-CPD (Figure S2B). The bulky 5T-CPD:U mismatch in the
active center may more strongly interfere with the trigger loop
closure than the compact T:U mismatch, thus overcoming the
stimulation of UMP misincorporation by the E1103G mutant.

The successful lesion bypass observed with Rpb1-E1103G
Pol Il in vitro correlates with an increased cell survival upon UV
irradiation, but only in the absence of RAD16-dependent
GG-NER. In contrast, G730D mutation, which abrogates bypass
in vitro, consistently increases the UV sensitivity of RAD76-defi-
cient yeast cells (Figure 1B). Importantly, the increased UV resis-
tance of the rpb 7-E1103G mutant required the functional RAD26
gene involved in TC-NER initiation, ultimately linking the transle-
sion transcription to TC-NER (Figure 5C). We argued that the
facilitated clearance of the lesion by the E1103G-Pol Il serves
to expose the lesions to the TC-NER proteins after their
Rad26-dependent recruitment to the CPD-stalled Pol Il (Fig-
ure 6B, pathway 2a). This mechanism may be essential for
TC-NER as an alternative to removal of Pol Il from the lesion
by ubiquitin-dependent degradation (Woudstra et al., 2002)
and to the proposed excision of the damaged DNA strand
together with the Pol Il arrested on the lesion (Brueckner
et al., 2007).

Interestingly, RAD26-mediated TC-NER contributed to the
UV resistance of the TLS-deficient rpb7-G730D cells even in
the presence of the fully active RAD716-mediated GG-NER
(Figure 5C). We argued that the presence of many CPD-
arrested Pol Il sensitize the cells to UV light, making TC-NER
essential for the repair or exposure of these lesions to the
GG-NER (Figure 6B). Indeed, the inactivation of GG-NER in
these cells rendered them hypersensitive to UV irradiation
(Figure 5C). In addition, TC-NER might contribute to UV
survival of the TLS-deficient cells by removal of the CPD-
arrested Pol Il from the genes independently or coincidentally
with DNA repair. Moreover, TLS might allow unimpeded repli-
cation of the damaged DNA and completion of the ongoing
rounds of mRNA production in the irradiated cell to provide
a steady supply of the housekeeping and repair proteins under
persistence of the bulky lesions in transcribed genes. Both
damage tolerance mechanisms should prevent the lethal
consequences of unrepaired lesions in DNA (Figure 6B). The
increased UV resistance rendered by rob1-E1103G and rpb1-
T1095G mutations may reduce the risk of collision between
the replication fork and CPD-arrested Pol Il. These collisions
lead to double-strand DNA breaks, genomic instability, and
cell death (Pomerantz and O’Donnell, 2010). Taken together,
these observations support earlier suggestions that the
enhanced UV sensitivity may be in part a consequence of
arrested transcription rather than a defect in DNA repair (Fried-
berg, 1996).

Unfaithful transcription through damaged DNA has been
proposed to contribute to mutagenesis and to the initiation and
progression of human diseases (Saxowsky and Doetsch,
2006). The error avoidance mechanism enabling Pol Il to
faithfully transcribe through the CPD lesion by implementation
of the A-rule limits transcriptional mutagenesis. It remains to
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be established whether the A-rule is universal for transcription
across other types of DNA lesions. Future studies should focus
on the TLS role in transcription-coupled DNA repair and on iden-
tification of Pol Il partners regulating CPD bypass in vivo.

EXPERIMENTAL PROCEDURES

Media, Yeast Manipulations, and Strains
Media, growth conditions, and yeast manipulations as well as any associated
references are described in Supplemental Information.

Analysis of Sensitivity to UV

Yeast cells were grown in YEPD at 28°C to mid-log phase (optical density at
600 nm of ~1.0), diluted in water, and plated in triplicate on YEPD plates.
The plates were immediately irradiated with a Stratalinker UV crosslinker
(Stratagene) at the indicated doses of UV. After 2-3 days of incubation at
28°C in the dark, colonies were counted, and survival was calculated as
described (van Gool et al., 1994).

Enzymes, Oligonucleotides, and Reagents

RNA, unmodified DNA oligonucleotides, and abasic site template DNA
(Table S1) were from IDT (San Diego, CA). Cis-syn Thymine Dimer Phosphor-
amidite (50 uM) was purchased from Glen Research (Sterling, VA). The CPD-
containing DNA oligonucleotides were synthesized and purified by PAGE
electrophoresis by Oligos Etc. (Wilsonville, OR). NTPs were from GE Health-
care (Piscataway, NJ) and 3'dNTPs from Invitrogen. Exonuclease Il was
from New England Biolabs (Bedford, MA). WT Pol Il, Rpb1-E1103G, Rpb1-
G730D, and Rpb1-T1095G were obtained and purified as described previ-
ously (Kireeva et al., 2008).

TEC Assembly and In Vitro Transcription Assays

Full methods for TEC assembly and in vitro translesion assays are detailed in
Supplemental Information. To facilitate detection of full-length lesion bypass
product (RO, 51 nt) obtained under the standard NTP chase conditions
(ACGU, 1 mM), CPD-containing TEC12s were also incubated with a mixture
of NTP* containing a terminator chain NTP (AGU, 1 mM; 3'dCTP, 100 uM)
which generates a shorter lesion bypass product (RO*, 15 nt) (Figure 1C).
The quantitative results represent averages of three independent experiments
with error bars showing standard deviation (Figure 1C, graph).

Exonuclease lll Footprinting

TEC12s were assembled with the wild-type enzyme with RNA7 on lesion-free
template (TS71-25) or lesion-containing template DNA (TS71-CPD25) with the
fully complementary NTS71-25E (rear-end footprinting) or NTS71-25E2 (front-
end footprinting). Where indicated, 1 mM nonhydrolysable AMP-cPP was
added. The footprinting reactions were done and analyzed as described (Wal-
macq et al., 2009).

Crystal Structure Analysis

Full methods for Saccharomyces cerevisiae 12-subunit Pol Il purification, crys-
tallization, and structure determination as well as any associated references
are described in Supplemental Information.

ACCESSION NUMBERS

Protein Data Bank: Coordinates and structure factors of the complete CPD-
stalled Pol Il complex crystal structure have been deposited under accession
code 4A93.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Text, three figures, two
tables, Supplemental Experimental Procedures, and Supplemental Refer-
ences and can be found with this article online at doi:10.1016/j.molcel.2012.
02.006.
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