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RNA polymerase I (Pol I) transcribes ribosomal DNA (rDNA) to
produce the ribosomal RNA (rRNA) precursor, which accounts for
up to 60% of the total transcriptional activity in growing cells. Pol I
monitors rDNA integrity and influences cell survival, but little is
known about how this enzyme processes UV-induced lesions. We
report the electron cryomicroscopy structure of Pol I in an
elongation complex containing a cyclobutane pyrimidine dimer
(CPD) at a resolution of 3.6 Å. The structure shows that the lesion
induces an early translocation intermediate exhibiting unique fea-
tures. The bridge helix residue Arg1015 plays a major role in CPD-
induced Pol I stalling, as confirmed by mutational analysis. These
results, together with biochemical data presented here, reveal the
molecular mechanism of Pol I stalling by CPD lesions, which is
distinct from Pol II arrest by CPD lesions. Our findings open the
avenue to unravel the molecular mechanisms underlying cell en-
durance to lesions on rDNA.
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The maintenance of genomic DNA integrity is essential for the
normal function of the cell. Consequently, chemical changes

in the genetic material are connected to cellular dysfunction. One
of the best-known environmental threats is UV light, which can
generate bulky DNA lesions that are cytotoxic (1). The main UV
light-induced DNA lesions are cis-syn cyclobutane pyrimidine di-
mers (CPDs) and 6-4 photodimers (2). These UV light-induced
photoproducts can interfere with base pairing and introduce helix
distortions that obstruct fundamental cell processes such as tran-
scription (3). The nucleotide excision repair (NER) pathway is
one of the major cellular mechanisms removing this class of helix-
distorting lesions from DNA (4). Transcription-coupled repair
(TCR) is a NER subpathway that activates when RNA polymer-
ases (RNAPs) are blocked by bulky DNA lesions (5).
There are three classes of eukaryotic RNAPs, and each of

them transcribes a different set of genes. Pol I transcribes ri-
bosomal DNA (rDNA) to produce the ribosomal RNA (rRNA)
precursor, which is matured to yield the rRNA molecules
forming the ribosome scaffold. Pol II mainly produces mRNA,
and Pol III synthesizes tRNA and other short RNAs. These
three eukaryotic Pols share common structural features around
the active site that are crucial for the transcription process (6).
In the active site, three conserved aspartate residues coordi-
nate a magnesium ion required for catalytic activity. The bridge
helix is a conserved element involved in enzyme translocation
along template DNA, likely through a fully folded/partially un-
folded transition that allows displacement of the protein com-
plex toward downstream DNA (7). During elongation, the
trigger loop also alters its conformation to facilitate binding
of the correct nucleoside triphosphate (NTP) at the nucleotide
addition site (8). Conformational rearrangements of the bridge
helix and the trigger loop need to be orchestrated to enable RNA
synthesis (7).

Structural and biochemical studies of CPD recognition by Pol II
suggested that the enzyme stalls due to misincorporation of uracil
opposite the downstream thymine in the CPD lesion (9). While this
can elicit TCR, Pol II has the capacity of bypassing CPD lesions by
nontemplated addition of adenine opposite the downstream thy-
mine in the CPD lesion (10). This property of Pol II critically de-
pends on the trigger loop and surrounding regions, as point
mutations in these structural elements can increase or decrease Pol
II bypass and UV-light cell resistance. While the CPD damage
recognition and bypass in Pol II were elucidated, whether such
mechanisms also take place in other nuclear RNAPs remains un-
clear. Interestingly, it was shown that UV irradiation causes severe
inhibition of rRNA transcripts that is compensated for by increased
Pol I initiation, suggesting that this enzyme scans rDNA until le-
sions are repaired, thus increasing cell survival (11). The proteins
involved in Pol II TCR have been reported to also participate in the
repair of damage at Pol I genes (12, 13). This suggests that dif-
ferences in TCR between the two transcription systems may take
place at the level of damage recognition by each RNAP.
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Pol I synthesizes ∼60% of total transcripts in growing cells (14);
thus, it is a key determinant for cell growth control (15). The crystal
structure of yeast Pol I, comprising 14 subunits with an overall mass of
about 600 kDa, revealed the enzyme architecture (16, 17). Subunits
A190 and A135 are the largest and form the cleft that accommodates
nucleic acids. These subunits are stabilized by the AC40/AC19 het-
erodimer shared with Pol III. Five additional subunits shared by all
nuclear Pols, named Rpb5, Rpb6, Rpb8, Rpb10, and Rpb12, are lo-
cated at the enzyme periphery. Subunit A12.2 completes the enzyme
core and confers intrinsic RNA cleavage activity through its C-
terminal zinc ribbon domain (A12-Ct), as truncation of A12-Ct
abolishes this activity (18). Two additional heterodimers are posi-
tioned on opposite sides of the enzyme. The A49 N-terminal domain
and subunit A34.5 (A49-Nt/A34.5) form a dimerizationmodule on the
enzyme lobe, while A43/A14 constitutes a stalk that is important for
enzyme activation (19). Electron cryomicroscopy (cryo-EM) structures
of the Pol I elongation complex (EC) with undamaged DNA scaffolds
identified structural elements that are important for transcriptional
activity, and also the presence of the A49 C-terminal tandem winged-
helix domain (A49-Ct) next to upstream DNA (20, 21).
To understand the molecular basis of CPD lesion recognition

by Pol I, we carried out structural and functional studies of the
complex assembled on an RNA/DNA scaffold containing a
chemical analog CPD lesion at the site i + 1/i + 2. Herein, we
report the structure of Pol I EC containing a CPD lesion at a
resolution of 3.6 Å. Our structural and biochemical study pro-
vides the molecular mechanism underlying persistent enzyme
stalling that would subsequently trigger Pol I-dependent TCR.

Results
Pol I Stalls at CPD Lesions. To investigate the behavior of Pol I in
the presence of bulky CPD DNA lesions, we performed in vitro
transcription tests using a nucleic acid scaffold containing a site-

specific CPD lesion on the template strand (Fig. 1 A and B). The
artificial transcription bubble includes an 8-mer RNA molecule
whose 3′ end base-pairs with the template strand two nucleotides
before the CPD lesion. Upon NTP addition, Pol I is able to
elongate the RNA molecule from 8-mer to 10-mer and gets
persistently stalled at this position, where the CPD lesion reaches
the active site. No further transcript extension beyond the 10-mer
is observed even after 90 min of incubation (Fig. 1B). In sharp
contrast, we found that Pol II initially stalls at 10-mer but slowly
extends to 11-mer and 12-mer after nucleotide incorporation op-
posite both thymines in the CPD lesion (Fig. 1B), in agreement
with previous reports (9). We found that nucleotide addition op-
posite the CPD lesion, as measured by observed incorporation rate
constant (kobs), by Pol II is significantly higher than that for Pol I
(Fig. 1B). In particular, nucleotide addition opposite the upstream
thymine (3′T) is efficiently achieved (within 3 min of incubation),
while addition opposite the 5′T is much slower (90 min incubation).
Since A12-Ct in Pol I confers intrinsic cleavage capacity to the

enzyme, the final Pol I transcription outcome is determined by
both its polymerization and intrinsic cleavage activities. In con-
trast, Pol II has much weaker intrinsic cleavage activity, which
requires transcription factor IIS (TFIIS) to be stimulated to a
comparable level as Pol I. To dissect the polymerization activity
from intrinsic cleavage activity in Pol I, we purified a mutant
harboring a truncation in A12-Ct (Pol I-dA12Ct) that abolishes
its strong cleavage activity (SI Appendix, Fig. S1). We then
compared transcription processing of a CPD lesion in the fol-
lowing scenarios: (i) Pol I wild type (Pol I-wt), (ii) Pol I-dA12Ct
mutant, (iii) Pol II, and (iv) Pol II-TFIIS. Intriguingly, in sharp
contrast to Pol I-wt, we found that cleavage-deficient Pol I-
dA12Ct mutant is able to slowly incorporate nucleotides oppo-
site CPD lesions to generate 11-mer and 12-mer in a manner
similar to Pol II alone (Fig. 1C). Nevertheless, the nucleotide

Fig. 1. CPD lesion has a distinct effect on Pol I and Pol II elongation. (A) Structure of the CPD lesion. (B) In vitro transcription assays of Pol I and Pol II on a scaffold
containing a site-specific CPD lesion in the presence of 1 mM NTPs. Different RNA lengths are highlighted in different colors, with time points indicated on the
graph. ND, not detectable. (C) Comparison of Pol I and Pol II processing of the CPD lesion in the presence (Pol I-wt and Pol II-TFIIS) and absence (Pol I-dA12Ct and
Pol II) of strong RNA cleavage activity, using the same conditions as in B. RO indicates an expected position of the run-off product. (D) In vitro transcription assays
using a scaffold with an 11-mer RNA that mimics transcript extension opposite the 3′T in the CPD lesion. The cleavage reaction was started by adding 5 mM
MgCl2; incubated at room temperature; and stopped at 1 min, 3 min, 10 min, and 30 min. (E) RNAPs with cleaved RNA product remain active and can be chased
by adding 1 mM NTPs, using the same scaffold as in D. The final concentration of TFIIS was 100 nM for those experiments that included TFIIS.
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incorporation rate opposite the CPD lesion appears slower than
that of Pol II. Interestingly, introduction of TFIIS in the Pol II
system leads to a great reduction of long RNA transcript extension
(11-mer) and very little 12-mer product was observed (Fig. 1C).
The results of Pol I-wt and Pol I-dA12Ct mutant suggest that

for Pol I-wt, the intrinsic cleavage activity of 11-mer is faster than
RNA extension over the CPD lesion (from 10-mer to 11-mer). To
further test this, we assembled Pol I and Pol II ECs with a scaffold
containing an RNA 11-mer (Fig. 1D), mimicking the insertion
product opposite the 3′T in the CPD lesion. We found that the
RNA 11-mer is readily cleaved to short transcripts (9-mer and
even 8-mer at later time points) in Pol I-wt and Pol II-TFIIS
systems, while it remains stable in Pol I-dA12Ct and Pol II com-
plexes. The cleavage rates of Pol I-wt and Pol II-TFIIS (100 nM)
are at comparable levels (Fig. 1D). The shortened transcripts can
be chased by adding 1 mMNTP to the 10-mer in both the Pol I-wt
and Pol II-TFIIS systems (Fig. 1E). We also observed that in the
presence of 1 mM NTP, the RNA 11-mer can be slowly extended
to 12-mer by Pol II after 30 min of incubation, but not by Pol I-
dA12Ct (Fig. 1D). This suggests that Pol II is more prone to CPD
lesion bypass than Pol I-dA12Ct. In systems with strong intrinsic
cleavage activity (Pol I-wt or Pol II-TFIIS), the appearance of the
10-mer product is found to concur with the disappearance of 11-
mer in the presence of NTP (Fig. 1D).
Taken together, our results revealed distinct behaviors be-

tween Pol I and Pol II upon CDP lesion encounter. While Pol II
is able to insert additional nucleotides opposite the damage
(11-mer and 12-mer), Pol I stalls right before the CPD lesion
(10-mer). This difference is due to the combination of slower
nucleotide incorporation opposite the CPD lesion and faster
intrinsic cleavage activity in Pol I.

Structure Determination of CPD-Stalled Pol I. To investigate the
structural basis of stable Pol I stalling at CPD lesions, we obtained
the structure of Pol I in complex with a nucleic acid scaffold
containing a CPD lesion located at positions i + 1/i + 2 of the
template strand, where i + 1 is defined as the substrate addition
site (Fig. 2A). The structure was determined by cryo-EM (SI
Appendix, Fig. S2). Four independent runs of focused 3D classi-
fication were performed to isolate particles containing different
areas of interest in our complex: (i) the nucleic acid scaffold
within the cleft, (ii) the A49-Nt/A34.5 module, (iii) the stalk, and
(iv) the upstream DNA plus A49-Ct. The first identified a subset
of particles that yielded a cryo-EM map with an overall resolution
of 3.6 Å, while local resolution showed detail up to 3.4 Å at the
center of the enzyme and at scaffold regions close to the active site

(SI Appendix, Figs. S2 and S3). This map allowed us to build an
atomic model for the RNA/DNA hybrid and downstream DNA,
including the CPD lesion, and for most of the Pol I enzyme (Fig.
2B and SI Appendix, Fig. S3B). Flexible regions in this map include
the nontemplate strand at the mismatch, A12-Ct and the A190
DNA-mimicking loop. Regions corresponding to A49-Nt/A34.5,
the stalk, A49-Ct, and upstream DNA were modeled using maps
derived from focused 3D classifications around each of these re-
gions (SI Appendix, Fig. S2C). This allowed us to complete the
atomic model for the Pol I EC stalled at a CPD lesion (Fig. 2C).

The CPD Lesion Accommodates Above the Pol I Bridge Helix. In
agreement with our biochemical data, the two thymines in the CPD
lesion at positions i + 1/i + 2 of the scaffold lie above the bridge
helix (Fig. 3). This configuration is compatible with an intermediate
in the translocation cycle, as shown by superposition with Pol II at
different stages of elongation (8, 22, 23). The CPD thymines ac-
commodate at a position that is similar to that occupied by nu-
cleotides i + 1/i + 2 in the Pol II pretranslocated state, but they are
slightly more advanced toward the active site (Fig. 3A). The base
pair immediately upstream of the lesion occupies a midway location
between canonical positions i and i−1 in the Pol II pretranslocated
state. Consequently, the NTP entry site is partially occluded, as
shown by comparison with Pol II in the posttranslocated state (Fig.
3B). Moreover, superposition with Pol II in the preinsertion stage
shows that the incoming NTP would lie as close as 1.9 Å from the
base at the 3′ end of RNA (Fig. 3C). A similar configuration of the
RNA/DNA hybrid has been observed for Pol II initiation com-
plexes with four- to six-nucleotide RNAs (24) and for paused
bacterial RNAP (25, 26), with the RNA in the posttranslocated
state and the DNA template halfway to that state. Nevertheless,
template DNA in the hybrid of CPD-stalled Pol I is somewhat
closer to the posttranslocated configuration than in the Pol II in-
termediate (Fig. 3 B and D). Overall, our results suggest that CPD-
stalled Pol I presents an intermediate translocation state that is
incompatible with nucleotide addition opposite the CPD lesion.

The CPD Lesion Is Stabilized by Specific Contacts with Pol I. The
configuration of CPD-stalled Pol I is overall similar to that found
in lesion-free EC (20, 21). However, while the former represents
an intermediate of translocation, the latter corresponds to the
canonical posttranslocated state (Fig. 4A). In CPD-stalled Pol I,
upstream DNA is minimally tilted toward A49-Ct, which is ab-
sent in the cryo-EM structure of lesion-free EC. The cleft in the
CPD-stalled Pol I is closed, compatible with the recently defined
conformation III of the enzyme (27). Noticeably, several Pol I
structural elements inside the cleft undergo conformational

Fig. 2. Structure of CPD-stalled Pol I. (A) Schematic
diagram of the CPD scaffold. Filled squares denote
nucleotides with an interpretable map that were
included in the model. (B) Cryo-EM maps and derived
models of the scaffolds in Pol I-CPD at a resolution of
3.6 Å (Left), with zoomed-in views around the CPD
lesion and the active site (Insets), and in Pol I-CPD +
upstream DNA at a resolution of 4.6 Å (Right). (C)
Two views of CPD-stalled Pol I, indicating the differ-
ent subunits and structural elements in the enzyme.
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changes that are likely relevant for enzyme stalling. In lesion-free
EC, the bridge helix, comprising residues 992–1,028 in subunit
A190, presents a fully regular helical configuration. In contrast, the
bridge helix in CPD-stalled Pol I is kinked at its central region,
including residues 1,009–1,015 in A190, by a maximum of 1.2 Å
toward the template strand (Fig. 4 B and C). Within the kinked
region, S1014 and R1015 are conserved in Pol I from yeasts to
humans, while the same positions are almost invariably alanine and
glutamate in Pol II and Pol III (SI Appendix, Fig. S4). Strikingly,
R1015 lies at cation-π distance from the 3′T in the CPD lesion,
while the distance from R1015 to the base at i + 1 in lesion-free EC
is too far for such interaction (Fig. 4D). Moreover, S1014 lies at
hydrogen bond distance from the template strand backbone next to
the CPD lesion, while R1021 lies at hydrogen bond distance from
the backbone phosphate within the thymine dimer (Fig. 4 C and
D). The bridge helix kink associates with a wedged conformation in
the trigger loop, where trigger loop residue T1201 lies next to
bridge helix residue K1012. Additional rearrangements inside the
Pol I cleft mainly affect switch loop 2 in A190, which is involved in
clamp swinging in Pol II (6). In CPD-stalled Pol I, this loop ap-
proaches downstream DNA and contacts the backbone phosphate
within the CPD lesion through R468 (Fig. 4E). Two additional
basic residues in switch loop 2, K462 and K463, alter their con-
figuration to approach the template strand, with K463 lying at
hydrogen bond distance (Fig. 4E). In conclusion, structural rear-
rangements mainly affecting the central region of the bridge helix
and switch loop 2 generate a network of interactions around the
CPD lesion that likely contributes to enzyme stalling.

CPD-Mediated Stalling Is Different in Pol I and Pol II. To obtain
further insights into CPD-mediated Pol I stalling, we compared
our structure with that of CPD-stalled Pol II (10). In the Pol II

complex, the CPD thymines at positions i + 1/i + 2 are dis-
engaged from downstream DNA but the 3′T is not able to
template at the active site (Fig. 5A), thus leaving an enlarged
NTP binding site that allows for nontemplated addition (i.e., A-
rule) (10). In contrast, the NTP entry site in CPD-stalled Pol I is
reduced by the nucleotide at the 3′ end of RNA (Fig. 5A). In
agreement, the CPD lesion and the immediately upstream base
pair at the i position in our structure lie about 7 Å backward,
compared with the equivalent Pol II structure. This argues to-
ward an early blockage of translocation in Pol I upon encounter
of the CPD lesion in comparison to Pol II. Moreover, the bridge
helix kink and the trigger loop wedge are absent in the Pol II–
CPD complex (Fig. 5B). These results suggest that the mecha-
nism of Pol I stalling at CPD lesions is caused by blockage of
translocation rather than by nucleotide misincorporation oppo-
site the lesion, as described for Pol II (9).
We further compared our CPD-stalled Pol I structure with

that of Pol II inhibited by α-amanitin (28, 29). Interestingly, we
found that the scaffold in α-amanitin–arrested Pol II adopts a
configuration where downstream nucleotides at positions i + 1/
i + 2 are located similarly as in CPD-stalled Pol I (Fig. 5C).
However, the i + 1 base in α-amanitin–arrested Pol II has es-
sentially crossed over the bridge helix and reached the canonical
i + 1 template position, while the 3′T in the CPD lesion in CPD-
stalled Pol I essentially lies on the downstream side of the bridge
helix (Fig. 5C), which is likely due to the covalent bond between
the thymines in the CPD lesion. Moreover, in the case of CPD-
stalled Pol I, the RNA base pair at the i position is tilted toward
the NTP site and its DNA template counterpart is significantly
retarded and tilted with respect to that observed in the
α-amanitin–inhibited Pol II. Furthermore, while the bridge helix
is kinked in both cases, the bridge helix residues that establish

Fig. 3. Translocation state of CPD-stalled Pol I. Su-
perposition of CPD-stalled Pol I with Pol II in the
pretranslocated (A), posttranslocated (B), and NTP
insertion (C) stages of the nucleotide addition cycle,
and with Pol II in an initial RNA addition interme-
diate (D). A schematic representation of each state,
indicating the i + 1 and i + 2 positions, is shown
below. PDB, Protein Data Bank.

Fig. 4. Comparison of CPD-stalled Pol I with un-
damaged Pol I EC. (A) Side view of the superposition
with undamaged Pol I EC shown in gray. PDB, Pro-
tein Data Bank. (B) Front view where only the bridge
helix and trigger loop are shown. (C) Close-up view
around the bridge helix and trigger loop. (D) Close-
up view around the CPD lesion, with distances be-
tween the side chain of R1015 and the closest base in
the downstream template strand. (E) Close-up view
around switch loop 2.
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contacts with template DNA in CPD-stalled Pol I are either not
conserved or differently oriented in Pol II inhibited by
α-amanitin (Fig. 5D). This further confirms that CPD stalls Pol I
at an early stage of translocation.

Role of Pol I-Specific Bridge Helix Residues on Transcription
Processing of CPD Lesions. Our structure reveals that Pol I-
specific bridge helix residues S1014 and R1015 may play im-
portant roles in CPD-induced Pol I stalling. We were intrigued
by the fact that these residues, especially R1015, do not exist in
other types of RNAPs, including bacterial RNAP, archaeal
RNAP, and eukaryotic Pol II and Pol III (Fig. 6A and SI Ap-
pendix, Fig. S4). This prompted us to further investigate the role
of these residues in CPD lesion processing from an evolutionary
perspective. To this end, we used Escherichia coli RNAP as a
model system and generated Pol I-like (N792R, A791S, and
A791S/N792R) and Pol II-like (N792D) mutants in RNAP
subunit β′. We found that substitution of N792 (equivalent to
R1015 in Pol I) has a very strong effect, whereas substitution of
A791 has almost no effect, on transcription processing over a
CPD lesion. Quite remarkably, nucleotide insertion opposite the
CPD lesion (11-mer) is greatly reduced for Pol I-like mutants
(N792R and A791S/N792R) in comparison to a Pol II-like mu-
tant (N792D) or wt E. coli RNAP (Fig. 6B and SI Appendix, Fig.
S5). These biochemical results are fully consistent with our
structural observations that R1015 in Pol I may establish a
cation-π interaction with the 3′T in CPD, and therefore stabilize
this lesion in the stalled position, thus reducing forward trans-
location. Therefore, we can recapitulate the distinct behaviors of
Pol I and Pol II processing of CPD lesions using this E. coli
RNAP model system by introducing single-point mutations on
β′-N792 (functional equivalent of A190-R1015 in Pol I).

Discussion
In this work, we provide biochemical and structural evidence for
the mechanism of Pol I stalling by CPD lesions, which are
commonly formed on DNA as a result of UV light irradiation.
We show that Pol I firmly stalls when the cross-linked thymines
in the CPD lesion reach positions i + 1/i + 2. Unlike Pol II, Pol I
is not able to bypass the CPD lesion even after long incubation at
a high NTP concentration. We further reveal that this difference
is due to the combination of slower nucleotide incorporation
opposite the CPD lesion and faster intrinsic cleavage activity in
Pol I in comparison to Pol II.
The structure of CPD-stalled Pol I provides further structural

insights as to why Pol I is less prone to nucleotide addition op-
posite the CPD lesion. Upon CPD stalling, Pol I is trapped at an
intermediate configuration between the pre- and posttranslocation
states that is characterized by unforeseen structural features.
First, the lesion locates above the bridge helix, in a position that
is only slightly advanced from the pretranslocated state, with the
5′T in the lesion partially base-paired with its nontemplate strand
counterpart. Second, the base pair at the i position adopts an
intermediate position between the pre- and posttranslocated
states, with the template base strongly tilted toward the bridge
helix, which partly occludes the NTP entry site. Third, the bridge

helix is kinked at its central region, where the Pol I-specific
residue R1015 forms a cation-π interaction with the 3′T in the
CPD lesion, while S1014 lies at hydrogen bond distance from the
DNA backbone next to the lesion. We confirmed the central role
of R1015 in CPD lesion recognition by mutational analysis, using
bacterial RNAP as a model system. Finally, the unique position
of the CPD lesion allows contacts with two conserved arginine
residues in the bridge helix and switch loop 2.

Fig. 5. Comparison of CPD-stalled Pol I and Pol II.
(A) Side view of the superposition with Pol II-CPD,
with Pol II shown in gray and the CPD lesion shown
in yellow. PDB, Protein Data Bank. (B) Close-up view
where only the bridge helix and trigger loop are
shown. (C) Side view of the superposition with
α-amanitin–inhibited Pol II shown in gray. (D) Close-
up view, where only the bridge helix and trigger
loop are shown.

C

Fig. 6. Mechanism of CPD lesion-induced Pol I stalling. (A) Pol I-specific
residues revealed by sequence alignment of the bridge helix region for
the three RNAPs in yeast and E. coli RNAP. Fully and partially conserved
residues are boxed in red and white. A190-R1015 in Pol I and β′-N792 in
RNAP are labeled on the top and bottom, respectively. (B, Left) Comparison
between N792 mutants in the E. coli RNAP system using in vitro transcription
assays. The NTP concentration is 1 mM, with time points as in Fig. 1B. (B,
Right) Quantification of the 10-mer RNA extension. Data are mean and SD
(n = 3). ****P < 0.0001, two-tailed Student’s t test. (C) Scheme of distinct
mechanisms of CPD lesion recognition by transcribing Pol I (Right) and Pol II
(Left). The translocation barrier and the translocation block are indicated
with a dashed line and a solid horizontal line, respectively.
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Molecular dynamics has identified two translocation inter-
mediates between the pre- and posttranslocated states in Pol II
(30). In the first intermediate, the DNA/RNA hybrid has been
translocated, while the base at i + 1 lies above the bridge helix. In
the second intermediate, the template base at i + 1 has passed
the bridge helix but not yet occupied the canonical templating
position. CPD-stalled Pol I represents an early intermediate that
is only slightly advanced from the pretranslocation state. As the
base pair at the i position presents a unique midway configura-
tion between the pre- and posttranslocation states, CPD stalls
Pol I earlier than the first intermediate identified by molecular
dynamics. While certain similarities can be observed with Pol II
inhibition by α-amanitin (28, 29), our intermediate is secured by
a unique set of specific interactions between the template DNA
strand and the bridge helix.
According to our structural and biochemical data, the mech-

anism of Pol I stalling by CPD lesions significantly differs from
that observed in Pol II (Fig. 6C). The latter stalls by nucleotide
misincorporation opposite the 5′T in the lesion and can be slowly
bypassed through untemplated addition of adenine (9, 10). In
striking contrast, the same lesion blocks Pol I at a much more
upstream position right before the 3′T of the CPD lesion, leading
to an intermediate of translocation that is stabilized by a unique
set of contacts (Fig. 6C).
CPD lesions trigger TCR both in Pol I and Pol II genes. In the

latter case, it was proposed that Cockayne Syndrome Group B
(CSB)-induced advance counteracts TFIIS-induced backtracking,
which triggers TFIIH recruitment to extend the transcription
bubble, followed by removal of the damaged DNA fragment to-
gether with the RNA transcript and Pol II (9, 31). While a similar
molecular mechanism likely operates in Pol I, as shown for the
human system (12, 13), the firm Pol I blockage revealed by our
biochemical and structural data indicates that CPD lesions are
distinctly handled by different RNAPs. This may have an impact

on how cells react to DNA damage. While transcription of protein-
coding genes may accept certain mutations through lesion bypass,
rDNA transcription may be less prone to accept equivalent DNA
modifications. In agreement, rRNA transcripts are strongly
inhibited after UV irradiation, which, in turn, activates Pol I initia-
tion to scan rDNA until lesions are repaired (11). Our results open
the avenue to unravel the molecular mechanisms underlying cell
endurance to lesions on rDNA.

Methods
Purification of yeast Pol I and Pol I-dA12Ct, the latter of which lacks the 47
C-terminal residues in subunit A12.2, was performed as described (32). Pu-
rification of yeast Pol II was performed as reported (31). Yeast TFIIS was
expressed essentially as described (33). E. coli RNAP variants were purified
as reported (34). Standard or chemically modified oligos (TriLink) were all
purified by HPLC. Transcription elongation assays were performed based
on reported methods with slight modifications (35). For cryo-EM studies,
equimolar amounts of the CPD-containing scaffold and Pol I were mixed,
deposited on grids with empty holes, and imaged on an FEI Titan Krios mi-
croscope using a K2 summit electron detector (Gatan). Cryo-EM data pro-
cessing, model building, and refinement were performed following reported
strategies (19), with minor modifications. Cryo-EMmaps were deposited in the
ElectronMicroscopy Database under accession codes EMD-0146 (Pol I-CPD) and
EMD-0147 (Pol I-CPD + upstream DNA). The derived atomic models were de-
posited in the Protein Data Bank under ID codes 6H67 and 6H68, respectively.

Extended method information is included in SI Appendix.
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