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During synthesis of the ribosomal RNA precursor, RNA polymerase I (Pol I)
monitors DNA integrity but its response to DNA damage remains poorly stu-
died. Abasic sites are among the most prevalent DNA lesions in eukaryotic
cells, and their detection is critical for cell survival. We report cryo-EM struc-
tures of Pol I in different stages of stalling at abasic sites, supported by in vitro
transcription studies. Slow nucleotide addition opposite abasic sites occurs
through base sandwiching between the RNA 3’-end and the Pol I bridge helix.
Templating abasic sites can also cause Pol I cleft opening, which enables the

Al2 subunit to access the active center. Nucleotide addition opposite the
lesion induces a translocation intermediate where DNA bases tilt to form
hydrogen bonds with the new RNA base. These findings reveal unique
mechanisms of Pol I stalling at abasic sites, differing from arrest by bulky
lesions or abasic site handling by RNA polymerase II.

Genome integrity is critical for cell homeostasis, an equilibrium that is
challenged by DNA damage. Among the >50,000 DNA lesions per day
produced in a human cell, the most abundant are abasic (Ap) sites.
Around 10,000 apurinic sites are formed daily in a cell under physio-
logical conditions, in contrast to only 500 apyrimidinic sites'. Ap sites
arise either from spontaneous depurination or from defects in base
excision repair (BER) of oxidated or alkylated bases’. Cells mainly
repair Ap sites through additional activation of the BER pathway, while
nucleotide excision repair (NER) operates as a parallel mechanism.
Repair of these DNA lesions protects both from mutations in the
genetic information due to loss of the base code and from genome
instability due to interference with replication or transcription.

Ap sites block replication by interfering with the progression of
replicative DNA polymerases (DNAPs). To overcome the obstruction,
replicative DNAPs can be replaced by translesion DNAPs, which have
developed different strategies to handle Ap sites. Most DNAPs follow
the so-called ‘A-rule’ or ‘purine rule’ because of their preference for

adenine incorporation, or guanine in a lesser degree, opposite Ap
sites®, essentially due to the higher base stacking ability of purines*’.
Alternative translesion DNA synthesis mechanisms include cytosine
addition opposite a templating arginine that occupies the gap left by
the missing base, as well as generation of a -1 frameshift due to Ap site
extrusion from the active center®®,

Beside replication, Ap sites in the DNA template strand also
induce stalling of DNA-dependent RNA polymerases (RNAP). Three
types of RNAPs transcribe the nuclear genome in eukaryotic cells. RNA
polymerase I (Pol I) produces the ribosomal RNA (rRNA) precursor that
after maturation leads to the major RNA components of the ribosome.
RNA polymerase II (Pol II) transcribes genes encoding for messenger
RNA precursors and some non-coding RNAs such as small nuclear
RNAs (snRNAs) and microRNAs. RNA polymerase IIl (Pol IIl) synthe-
sizes short, untranslated RNAs such as transfer RNA, the 5S rRNA and
U6 snRNA. In addition, RNAP IV and V are plant-specific enzymes
involved in gene silencing through RNA-directed DNA methylation.
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Previous studies of Ap site management by Pol Il show initial enzyme
stalling at the lesion, followed by slow bypass obeying the A-rule’.

The nucleotide addition cycle has been best characterized in Pol II.
A DNA nucleotide in the templating position (i +1) faces an empty
active center'®", where three aspartates coordinate a Mg ion (Mg A).
Arrival of a nucleoside triphosphate (NTP) opposite the templating
nucleotide, in the so-called addition site (A-site), promotes closure of
the trigger loop to sense base pairing between the incoming and
templating nucleotides™. At this stage, the NTP phosphates, which
coordinate a second Mg* ion (Mg B), are positioned so that RNA
nucleotide addition to the 3’-end of the nascent RNA is catalyzed, with
release of pyrophosphate and Mg B>, This provokes the backward
movement of the trigger loop, which leads to enzyme translocation by
one nucleotide due to conformational rearrangements of both the
bridge helix and trigger loop™. As a result, the newly-formed base pair
occupies position i-1 in the DNA/RNA hybrid, while the next DNA
nucleotide locates at i + 1 to start a new addition cycle. Apart from the
A-site for nucleotide addition, Pol Il harbors an entry site (E-site) where
NTPs bind in an inverted position relative to the A-site®. Interestingly,
the A- and E-sites in Pol Il overlap partially and, thus, cannot be occu-
pied simultaneously. While only the cognate NTP can occupy the A-site,
any NTP can enter the E-site, suggesting an NTP-probing role for this
site. Closure of the trigger loop during nucleotide addition prevents an
NTP in the A-site from returning to the E-site due to steric hindrance.

RNAPs are known to pause or reduce the elongation rate in
response to different signals, including misincorporations in the
growing RNA that alter the DNA/RNA hybrid'®. Sensing of a distorted
hybrid induces reverse translocation of the enzyme, i.e., backtracking,
which inactivates nucleotide addition because the RNA 3”-end is
moved away from the active center”. Reactivation of the enzyme from
abacktracked state requires RNA cleavage, which in Pol Il is stimulated
by binding of the C-terminal zinc ribbon (ZnR) from transcription
factor IIS (TFIIS) to the enzyme funnel™".

In growing eukaryotic cells, most transcriptional activity is devo-
ted to rRNA synthesis and, consequently, Pol I function is a major
regulator of cell homeostasis'®. Among the 14 subunits constituting Pol
1in Saccharomyces cerevisiae (13 in most species) the two largest, A190
and A135, form the DNA-binding cleft and harbor the active center'>?.
Assembly of these subunits is stabilized by the AC40/AC19 hetero-
dimer, which is shared with Pol Ill, while peripheral subunits Rpb3,
Rpb6, Rpb8, Rpbl0, and Rpb12 are shared among the three nuclear
RNAPs. Subunits A43 and Al4 form the stalk that interacts with
Rrn3?%, an activating factor that binds Pol I prior to promoter
recruitment**, Subunit A12 is composed by two ZnR that share
homology with Pol Il subunit Rpb9 and TFIIS**. While the N-terminal
ZnR (A12-Nt) stimulates elongation”*%, the C-terminal ZnR (A12-Ct) is
involved in RNA cleavage and proofreading”>°. The A49/A34.5 het-
erodimer, containing domains that present homology with TFIIF and
TFIIE in Pol II, stimulates backtracking and RNA cleavage®®?. This
heterodimer can reversibly dissociate from Pol I to generate Pol I**?,
thus uncovering a binding site for A12-Ct that is distant from the active
center®, Accordingly, yeast Pol I* was proposed to coexist with Pol |
in vivo and play a physiological role****. Moreover, the mammalian
counterpart of the A49/A34.5 heterodimer, termed PAF53/PAF49, was
shown to dissociate from Pol I in starved cells*. Furthermore, a yeast
strain with an A12 deletion remains viable and Pol I purified from this
strain lacks subunits A12, A49, and A34.5%°¢,

Previous work on Pol I stalling by DNA lesions is restricted to
cyclobutane pyrimidine dimers (CPD), a common bulky DNA lesion
induced by UV light”. These studies showed that Pol I and Pol Il handle
bulky lesions differently, with Pol I stalling firmly before the CPD can
access the active center while Pol Il is able to slowly incorporate
nucleotides opposite the lesion. To evaluate if this differential beha-
vior is specific for bulky lesions or may also operate for other lesions,
we studied the impact of Ap sites on Pol I activity.

We present biochemical and structural data showing that Pol |
from S. cerevisiae handles Ap sites in a unique manner. Contrary to CPD
lesions, Ap sites can template preferential addition of adenine oppo-
site the lesion, following the A-rule. Nevertheless, in contrast to Pol II,
Pol I stalls after nucleotide incorporation opposite the Ap site with
minimal bypass. Moreover, our electron cryo-microscopy (cryo-EM)
structures, at resolutions ranging from 2.8 to 3.5A, capture cleft
opening and Al12-Ct access in the enzyme funnel next to the active
center, provide the structural basis for adenine addition opposite the
Ap site, present atomic evidence for subsequent stalling, and uncover
the presence of an E-site in Pol I. Altogether, our results shed light on
the mechanism of Ap site recognition and handling by Pol I.

Results

Pol I stalls at abasic sites and cleaves slowly-inserted purines
To explore the effect of Ap sites on Pol | elongation, we performed
in vitro transcription tests using a mismatched transcription bubble
that contains an Ap site analog (Fig. 1a) at the templating i + 1 position
(‘a=Ap’ in Fig. 1). The scaffold includes a radiolabeled 12mer RNA
forming a 9 base pair DNA/RNA hybrid with the template strand, one
nucleotide before the Ap site (Fig. 1b). Two different sequences for the
base pair at i — 1 were assayed to study the influence of purine or
pyrimidine at the RNA 3’-end. Control experiments with an undamaged
nucleotide at i + 1 (‘a=dT in Fig. 1) show that Pol I and Pol Il elongate
the RNA molecule in a similar fashion, but Pol I is more prone to
dissociate at intermediate pauses and exhibits residual RNA cleavage
activity (Fig. 1c). In contrast, in the presence of an Ap site, Pol [ slowly
incorporates one nucleotide opposite the Ap site (Fig. 1c, 13mer band)
but further RNA extension is disfavored. While nucleotide incorpora-
tion opposite the Ap site is also slow in the case of Pol II, this enzyme
elongates the RNA molecule more efficiently than Pol I, in agreement
with previous reports’®, Interestingly, the presence of purine at the
RNA 3’-end is more favorable for nucleotide addition opposite the Ap
site (Fig. 1c), suggesting that stacking with the incoming NTP plays a
prominent role.

We then investigated the effect of Ap sites on nucleotide selec-
tivity and found that Pol I follows the A-rule for nucleotide addition
opposite the Ap site (Fig. 1d). Nevertheless, guanine can also be
incorporated though at a slower rate, while pyrimidine incorporation
is strongly disfavored. Our measured dNTP selectivity of Pol | opposite
an Ap site is 1A:0.5G:0.1T:0.1U, further stressing the importance of
base stacking for nucleotide addition opposite Ap sites. Besides, we
detected RNA cleavage upon prolonged incubation with individual
NTPs, with the exception of GTP when the nucleotide at the i — 1
position of the template strand in the bubble is cytosine (Fig. 1b and d,
left panel). This can be explained by the fact that, after nucleotide
addition, a dinucleotide is cleaved that leaves cytosine at i+ 1, which
can serve as template for effective GTP addition (but no other indivi-
dual NTP). All these results were also confirmed using a simplified
nucleotide scaffold lacking the upstream region of the bubble and the
unpaired nucleotides in the non-template strand (Supplementary
Fig. 1). Overall, we show that Pol I slowly inserts a purine opposite Ap
sites, with preference for adenine, while the Pol I intrinsic RNA clea-
vage activity reduces lesion bypass.

Structure of Pol I paused at an abasic site

To uncover the structural basis of Pol I stalling at Ap sites, we prepared
Pol I elongation complexes using a mismatched transcription bubble
containing an Ap site at the DNA templating position, i.e. i + I (Fig. 2a).
A non-hydrolysable ATP analog (AMPCPP) was included in the mixture
to mimic the insertion step of nucleotide addition opposite the Ap site.
We applied cryo-EM to obtain a consensus map at 2.8 A resolution
(Map-l), with regions attaining 2.6 A resolution at the Pol I core
including the active center (Supplementary Figs. 2-5). The structure
corresponds to an Ap site-induced paused elongation complex (Ap-
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Fig. 1| Ap site has distinct effects on Pol I and Pol Il elongation. a The natural Ap
site exists in equilibrium between the closed sugar hemiacetal and the open alde-
hyde. The synthetic analog tetrahydrofuran (hereafter termed Ap for simplicity)

was used in this study as a mimic of the natural Ap site. b Full mismatched bubble
scaffold used for in vitro transcription assays. ¢ In vitro RNA extension assay on four

different mismatched bubbles. Each lane corresponds to incubation times of 0, 1,
15, and 60 min. d RNA extension assay with the same scaffold as in (a) but using
individual NTPs. ‘T and ‘S’ state for ‘Time’ and ‘Start (12mer)’. These experiments
were repeated twice. Source data are provided as a Source Data file.

PEC), where Pol I adopts a post-translocated configuration with the Ap
site at the i+1 position (Fig. 2b). To shed light on conformational
changes of Pol I paused at Ap sites, we conducted 3D classification of
the particles (Supplementary Fig. 2). One of the classes produced Map-
la, which is most similar to the consensus both overall and around the
active center, where resolution ranges between 3.6 and 3.8 A (Sup-
plementary Figs. 3 and 4). The resulting structure presents a closed
DNA-binding cleft (Closed Ap-PEC) with an aperture of 28 A (Fig. 2c).
Like in the consensus structure, the Ap site occupies the i + I position
and exhibits certain flexibility, as judged from weaker density around
the lesion (Supplementary Fig. 5). In spite of divergent sequences,
comparison with the reported structure of post-translocated Pol | EC

with undamaged DNA*’ provides hints into the overall DNA/RNA
hybrid configuration (Fig. 2d). Apart from minor differences at the Ap
site, template DNA nucleotides at positions i — 1 and i - 2 are tilted and
shifted towards the bridge helix, likely due to base absence at the Ap
site. Superposition with the structure of Pol I stalled at a CPD lesion
shows that the template DNA strand lies backwards in the CPD lesion
structure, which affects the configuration of the DNA/RNA hybrid
(Fig. 2e). Importantly, while the Ap site surpasses the bridge helix
barrier and occupies the templating position, the CPD lesion lies
behind the bridge helix. This explains that RNA extension by Pol I stops
before the CPD lesion”, while Ap sites induce enzyme stalling after
slow nucleotide addition opposite the lesion (Fig. 1).
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Fig. 2 | Structure of Pol I paused by an Ap site at i + 1. a Diagram of the nucleic
acid scaffold with an Ap site at i + 1. Filled squares denote nucleotides visible in the
cryo-EM map that were modelled. b Consensus Ap-PEC structure with subunits
colored as in (c) and close-up view of the active center. ¢ Two views of the Closed
Ap-PEC structure indicating the different subunits and structural elements in the
enzyme. d Superposition between Closed Ap-PEC (colors) and Pol I with unda-
maged DNA in a post-translocated state (PDB code SM3F, grey). e Superposition of
Closed Ap-PEC (colors) with Pol I stalled at a CPD lesion (PDB code 6H67, grey and
CPD lesion in yellow). f Comparison between Closed (grey) and Open (blue) Ap-PEC
structures in two different views.

A second class yielded Map-Ib, which is similar to the consensus
around the active center but presents an open cleft that involves
partial unfolding of the central region in the bridge helix (Supple-
mentary Figs. 2-5). Conformational changes in the cleft occur through

swiveling along the downstream DNA axis (Supplementary Movie 1),
consistent with previous observations?>*°. In the Open Ap-PEC struc-
ture, the cleft aperture attains 32A and results in displacement of
downstream DNA together with the clamp (Fig. 2f). While Maps-la and
Ib exhibit the same overall resolution of 3.5 A, several domains are
disordered in the Open Ap-PEC, including the external half of the
clamp and part of the jaw in A190, the C-terminal region of Rpb5 and
most of the stalk. Moreover, densities for both upstream and down-
stream DNA are poor in Map-Ib, indicating that nucleic acids in the
Open Ap-PEC are more mobile (Supplementary Movie 1). Therefore, we
interpret this open configuration as a Pol | paused state that may be
prone to dissociation from DNA.

The A12 C-terminal Zn ribbon inserts in the funnel to catalyze
RNA cleavage

A third class showed additional density for A12-Ct bound to the
enzyme funnel. Focused 3D classification using a mask covering the
funnel yielded a locally improved map with an overall resolution of
33 A, hereafter Map-ll (Supplementary Figs. 2-5). The complete
A12 subunit including both ZnR (residues 1-43 and 80-125) and the
connecting linker could be modelled (Fig. 3a—c), in spite of poor
density for the catalytic loop harboring acidic residues D105 and E106.
Insertion of A12-Ct in the funnel has been observed in Pol I devoid of
nucleic acids'**** or in a pre-initiation complex lacking RNA* (Fig. 3d).
In contrast, our structure shows clear density for the full DNA/RNA
hybrid and, thus, corresponds to an Ap site-induced RNA cleavage
complex (Ap-RCC). Accommodation of A12-Ct within the funnel
involves partial opening of the DNA-binding cleft by 30 A (Fig. 3e),
associated to unfolding of the central region in the bridge helix
(Supplementary Fig. 5). A similar configuration has been reported for
Pol Il complexed to TFIIS™ and for Pol Ill in complex with the integrase
of the Tyl retrotransposon*’. Additionally, residue Y717 in A135 moves
away from the A12 acidic loop to avoid clashes (Fig. 3c). The equivalent
residue in Pol II, Y769 in subunit Rpb2, was proposed to limit the extent
of backtracking®. The overall configuration of the hybrid is similar to
that in the Closed Ap-PEC, although the Ap site and downstream DNA
accompany the clamp as the cleft opens (Fig. 3e). This suggests that an
Ap site at the templating i + I position induces an RNA cleavage-prone
configuration in Pol I, consistent with the presence of residual RNA
cleavage products in our RNA extension assays (Fig. 1). The Ap-RCC
structure may also represent a post-cleavage configuration in which
A12-Ct has not abandoned the funnel.

Structures of Pol I lacking lobe-associated subunits
Two additional classes lacked density for subunits binding next to the
A135 lobe. Map-lIl, showing a resolution of 3.2 A, corresponds to Pol I*
paused at an Ap site as it lacks density for the A49/A34.5 heterodimer
(Supplementary Figs. 2-5). The nucleic acid configuration in the
resulting Ap-PEC* structure is virtually identical to that observed in the
Closed Ap-PEC (Fig. 4a). In the absence of A49/A34.5, A12-Ct binds
external domains 1and 2 (ED1and ED2), a region in the A135 lobe that is
inaccessible in the presence of A49/A34.5 (Fig. 4b). This A12-Ct loca-
tion is equivalent to that observed for the Pol I* EC with undamaged
DNA>3, which is overall similar to Ap-PEC* except that downstream
DNA lies backwards in the latter (Fig. 4c). Comparison with the Ap-RCC
structure shows that A12-Ct undergoes a movement of ~60 A and a
rotation of ~90°, using the central mini-helix (residues 59-65) in the
Al2-linker as a hinge (Fig. 4d).

A final class arising from overall 3D classification produced Map-
IV, which presents an overall resolution of 3.5 A and lacks subunits A49,
A34.5, and A12 (Supplementary Figs. 2-5). Unexpectedly, the resulting
Ap-PEC** structure not only lacks density for these three subunits, but
also for the entire A190 jaw domain (residues 1241-1540) and helices
a6-a7 in the A135 lobe (residues 281-324) (Fig. 4a, b). This indicates
that the N-terminal ZnR in A12 (A12-Nt) plays a stabilizing role of the
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A190 jaw and part of the lobe, which are flexible when A12-Nt is absent.
As a result, about two thirds of downstream DNA become exposed to
the solvent, which may allow access of DNA-binding proteins into the
Pol I cleft (Fig. 4b). The conformation of the enzyme is similar to that
observed in the Closed Ap-PEC or Ap-PEC*, although the cleft is slightly
more open in Ap-PEC*. This suggests that the jaw is able to move

independently using the cleft-jaw link as a hinge. Moreover, the nucleic
acid scaffold also adopts an equivalent configuration, suggesting that
this Pol I form may be able to transcribe in vivo, consistent with cell
viability of a AA12 strain where the Pol | enzyme lacks the three lobe-
associated subunits?***>%4,

Purine addition opposite the abasic site occurs via base stacking
Focused 3D classification with a spherical mask around the active
center identified two classes with density for AMPCPP. The refined
Map-Va and Map-Vb attained resolutions of 3.0 and 3.3 A, respectively
(Supplementary Figs. 2-4). The former exhibits clear density next to
the RNA 3”-end corresponding to the adenine and phosphate moieties
of AMPCPP, while the ribose appears flexible (Supplementary Fig. 5). In
the resulting structure, the adenine moiety of AMPCPP is sandwiched
between the base at the RNA 3’-end and residue T1013 in the bridge
helix (Fig. 5a). P593 in subunit A190, a residue that is strictly conserved
among nuclear RNAP (Supplementary Fig. 6), lies at a distance suitable
for establishing Van der Waals interactions with adenine, likely
explaining the observed preference versus guanine (Fig. 1d). Con-
sistently, modeling of a guanine as incoming base would clash with this
proline residue (Fig. 5b). R714 and R957 in subunit A135, both strictly
conserved among nuclear RNAP (Supplementary Fig. 7), establish
hydrogen bonds (H-bonds) with the y-phosphate. The active center
configuration is equivalent to the closed Ap-PEC, apart from minor
changes around the Ap site (Fig. 5c). Comparison with Pol I EC with
undamaged DNA containing GMPCPP** shows that AMPCPP in our
structure occupies the canonical NTP addition site (A-site) and, thus,
represents a nucleotide addition complex at Ap sites (Ap-NAC)
(Fig. 5d). Overall, this configuration of the active center is likely derived
from lack of templating base at the Ap site and provides structural
evidence for preferential adenine addition (Fig. 1d).

Map-Vb exhibits density for AMPCPP in an alternative location
beneath the active center (Supplementary Fig. 5). In the resulting
structure, the adenine moiety of AMPCPP lies next to K934 in A190,
while the y-phosphate lies at H-bond distance from R714 and R957 in
A135 (Fig. Se-g). These three residues are strictly conserved among
nuclear RNAP (Supplementary Fig. 6 and 7). We assign this location to
the NTP entry site (E-site) previously described in a Pol Il EC structure
in complex with a non-cognate NTP" (Fig. 5g). As in Pol II, the B- and y-
phosphates binding sites overlap in the A- and E-sites, implying that
they cannot be occupied simultaneously (Fig. 5f). However, in spite of
similarities between the two enzymes, the nucleotide in the Pol I E-site
appears to fit more snugly, which may be due to absence of MgB. In our
structure with AMPCPP in the E-site (Ap-NEC), the bridge helix is partly
unfolded next to the Ap site, while the trigger loop is retracted and can
be fully modelled (Fig. 5f). Additionally, DNA around the Ap site
appears flexible due to weak density in this region of the map (Sup-
plementary Fig. 5).

Structure of Pol I stalled after addition opposite an abasic site
Finally, we studied the cryo-EM structure of Pol I stalled after addition
of adenine opposite the Ap site, using a nucleic acid scaffold where the
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Fig. 6 | Structure of Pol I stalled by an Ap site at i-1. a Schematic diagram of the
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in the cryo-EM map that were modelled. b Overall view of Pol I stalled at an Ap site
(Ap-SEC) indicating the different subunits and close-up view of the active center.
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position of nucleotides in the DNA/RNA hybrid between Ap-SEC (colors) and
Closed Ap-PEC (grey, (c)), Ap-NAC (grey, (d)), Pol I EC with undamaged DNA (PDB
code 5M3F, grey, (e)), paused bacterial RNA polymerase (PDB code 6ASX, pink; (f),
or paused human Pol Il (PDB code 8UHA, grey; ().

Ap:adenine unpaired duo is placed at the i - 1 position (Fig. 6a).
Focused 3D classification with a mask covering the DNA-binding cleft
identified a population where the Ap:adenine unpaired duo is clearly
defined (Supplementary Figs. 2-5). To our surprise, the refined 2.8 A
Map-VI corresponds to Pol I*, i.e., lacking A49/A34.5 and with A12-Ct
bound on the lobe. In the derived structure, nucleic acids adopt a
configuration that is compatible with an intermediate of translocation
(Fig. 6b), corresponding to an Ap site-induced stalled elongation
complex (Ap-SEC). Notably, the DNA base at position i - 2 is tilted by
~30° so that it forms H-bonds with RNA bases at positionsi-2and i -1,
the latter of which would otherwise be unpaired due to lack of base in
the Ap site (Fig. 6b, c). Equivalently, the DNA base at position i - 3 is
tilted so that it forms H-bonds with RNA bases at positions i - 3 and
i - 2. The position of the Ap site is clearly defined, slightly advanced
with respect to the Closed Ap-PEC and Ap-NAC (Fig. 6¢, d) but far from
the post-translocated state (Fig. 6e). Downstream DNA also presents
an intermediate state of translocation, where the i+ 1 nucleotide lies
behind the bridge helix and cannot template nucleotide addition
(Fig. 6b). RNA nucleotides are closer to the post-translocated state but
lie 1.6 A behind the canonical position, thus partly occluding the A-site.
While the central region of the bridge helix is fully folded, it lies closer
to the trigger loop relative to the post-translocated Closed Ap-PEC
structure, leading to slight opening of the cleft. Overall, this provokes a
less tight interaction of the template DNA with Pol I and may be related
to lack of subunits A49 and A34.5. In conclusion, Ap-SEC presents an
intermediate translocation state that is disfavored for subsequent RNA
elongation. This configuration is different from the bacterial RNA
polymerase swiveled state** or the mammalian Pol Il tilted state*>*°. In
particular, the central region of the bridge helix lies -3 A closer to the
trigger loop, while DNA bases in i — 2 and i - 3 occupy the space of i - 1
and i - 2 bases in other paused states (Fig. 6f). This suggests that Pol |
stalls at Ap sites through a unique mechanism.

Discussion

DNA lesions on the template strand challenge transcription elongation
by slowing or blocking the advance of RNAP. In this work, we provide
mechanistic insights into Pol I stalling at Ap sites, which are the most
common DNA lesions in living cells, by combining biochemical analysis

with cryo-EM structures of several conformational states in the pro-
cess. Our results allow us to propose a pathway for Ap site-induced
pausing and stalling that consists of several steps (Fig. 7). Contrary to
CPD lesions, which induce firm Pol I stalling before nucleotide addition
opposite the lesion”, Ap sites allow for untemplated purine addition
opposite the lesion at slow rate, followed by Pol I stalling with minimal
bypass after prolonged incubation. Importantly, as shown for CPD
lesions, the intrinsic RNA cleavage activity residing in A12-Ct likely
reduces Ap site bypass by Pol 1.

Pol I swiveling at templating Ap sites

Our structures of Pol I with an Ap site at i + 1 show that nucleic acids in
the cleft adopt a post-translocated configuration where the lesion
occupies the templating position. Nevertheless, the absence of a
templating base induces changes in the hybrid and the bridge helix,
which likely make this post-translocated state suboptimal for addition.
Consistently, two conformations of the cleft aperture are observed,
open and closed (Movie S1), suggesting that the lack of a templating
base is sensed by Pol I. In the open state, the downstream and
upstream regions of DNA are loosely bound to the enzyme, which may
lead to Pol I fall off from DNA at templating Ap sites. In agreement, the
Pol I elongation complex presents low stability as compared to other
RNAPY,

Alternatively, cleft opening may be necessary to allow access of
Al2-Ct into the funnel. This is supported by our structure of Pol I with
Al2-Ct in the funnel, which exhibits partial cleft opening, as previously
observed for an initiation open complex in the absence of RNA*. Our
structure indicates that lack of a templating base may induce a con-
figuration that is prone to RNA cleavage, although our biochemical
assays reveal that RNA cleavage mainly occurs after nucleotide addi-
tion opposite the Ap site. Importantly, the location of A12-Ct in the
funnel leaves a channel for NTP entrance into the active center
(Fig. 3a). Moreover, flexibility of the A12-Ct acidic loop in our structure
likely allows NTP binding to the E- or the A-site for nucleotide addition.

Purine addition occurs through base sandwiching
The structures of Pol I paused at Ap sites complexed to AMPCPP
uncover the E- and A-sites for nucleotide incorporation opposite
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Fig. 7 | Mechanistic model of Pol I pausing and stalling at Ap sites. The DNA

template and non-template strands are in blue and cyan, RNA is in red, the Ap site is
in orange, the incoming nucleotide is in purple, A12 is in yellow, the bridge helix is in
dark green and magnesium ions are in light green. Pol I is initially paused as the Ap
site occupies the templating position (i + 1), which leads to cleft swiveling. This may
allow access of A12-Ct into the funnel for subsequent RNA cleavage or lead to Pol |
dissociation from DNA in the open cleft state. Pol | stalled at Ap site allows NTP

entry into the E-site (entry), which enables access into the A-site (addition). In the A-
site, purines are stabilized by sandwiching between the RNA 3’-end and the bridge
helix, with preference for ATP. Phosphodiester bond formation likely leads to an
altered hybrid configuration that induces RNA cleavage to minimize lesion bypass.
Alternatively A49/A34.5 are lost, which hampers RNA cleavage but induces an
intermediate of translocation that compromises nucleotide addition, thus stalling
Pol I.

abasic lesions. The NTP in the E-site binds mainly through its terminal
diphosphate moiety to two arginine residues in subunit A135 that are
conserved among nuclear RNAP. Interestingly, the NTP base forms
stabilizing interactions with a lysine in A190 that is conserved in all
RNAP. A pyrimidine is likely to establish equivalent weak interactions
with this Pol I region. A second Mg ion, as seen in Pol II’"5, is likely to
further stabilize the interaction on the phosphate moiety and favor
rotation into the A-site. The existence of an E-site in Pol | may be related
to transcriptional speed, as shown for Pol II*®, This may enhance NTP
residence in the funnel, consistent with faster elongation rates of Pol |
with respect to Pol 11",

In the absence of a DNA templating base, NTP in the A-site is able
to occupy the canonical position, thus enabling addition opposite the
Ap site, as shown in our RNA extension assays. This is possible due to
NTP base sandwiching by the bridge helix and the base at the 3’-end of
the RNA, which explains the preference for purines as their stacking
capacity is higher than for pyrimidines. The minor preference of ade-
nine versus guanine addition is likely due a conserved proline next to
the active center. Our biochemical results also show that the presence
of purine at the RNA 3’-end is more favorable than the presence of
pyrimidine, further underscoring the importance of base stacking for
nucleotide addition opposite Ap sites.

Stalling after purine addition is incompatible with RNA
extension

According to our results, NTP addition opposite Ap sites leads to Pol |
translocation stalling, which affects both the template DNA strand
and the RNA. On the RNA side, incomplete translocation leads to
partial occlusion of the A-site. On the DNA side, the i+ I nucleotide
lies behind the bridge helix, hampering its templating role. This is
due to stabilization of the unpaired base at the RNA 3’-end by the
DNA base in the hybrid that is adjacent to the Ap site. Importantly,

the intermediate translocation state observed in our structure differs
from described translocation intermediates*™*¢, In this unique
paused state, which we term retracted pause, nucleotide addition is
compromised, consistent with our RNA extension assays (Fig. 1).
Moreover, these assays suggest that the retracted pause induces Pol |
backtracking and RNA cleavage, leading to persistent stalling after
nucleotide addition opposite Ap sites, with minimal bypass upon
long incubation.

Role of lobe-associated subunits A12 and A49/34.5
Lobe-associated subunits A49, A34.5, and Al12 provide distinctive
functions to Pol I’° in spite of being dispensable for yeast growth**>°!,
We find that the A49/A34.5 heterodimer can dissociate from Pol | when
an Ap site in the template DNA strand is positioned at the i +1 or i -1
site. This heterodimer was proposed to reversibly bind the Pol I core
with a putative in vivo role in initiation and elongation®. Our data
support this hypothesis but further suggest a role in DNA lesion
detection or, more generally, in transcriptional pausing. While we
show that backtracking and RNA cleavage are induced at Ap sites, Pol |
stalls after NTP incorporation opposite the lesion due to a non-
productive translocation intermediate. Certain Pol I stalled configura-
tions may induce dissociation of A49/A34.5, while this heterodimer
would travel with Pol I during standard rRNA elongation. This is con-
sistent with ChIP data showing that the heterodimer associates with
the entire pre-rRNA gene’>>,

A49/A34.5 dissociation has two major effects on the Pol I EC. On
one hand, the A12-Ct binding site at Pol I external domains becomes
exposed, leading to A12-Ct fixation on the lobe. This is consistent with
reduced RNA cleavage activity relative to the complete enzyme®’. On
the other hand, the binding site for the C-terminal domain of A49 next
to upstream DNA becomes available. In Pol II, processivity factor Spt4/
5 has been shown to bind in the same region®* and Spt5 was shown to
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bind Pol I’°. These two effects could contribute to increased lesion
bypass. Interestingly, as opposed to Pol I stalled at CPD lesions®, no
density for A49-Ct is observed in particles containing A49/A34.5. This
suggests that bypass of Ap sites may be favored compared to CPD
lesions.

Unexpectedly, we found particles that lack all three lobe-
associated subunits when an Ap site occupies the templating posi-
tion. This structure shows a highly-exposed downstream DNA due to
flexibility of the A190 jaw domain and a pair of helices in the lobe. This
may enable access to factors that bind downstream DNA for repair.
Nevertheless, the structure is compatible with nucleotide addition,
consistent with studies showing that the presence of A12 destabilizes
the Pol I elongation complex®. Moreover, biochemical analysis of Pol |
lacking the three lobe-associated subunits showed that this form of the
enzyme is deficient in NTP selection and induces errors in the
transcript®. Therefore, loss of lobe-associated subunits may favor Ap
site bypass.

Different stalling mechanisms in Pol I and Pol II

Our biochemical and structural results suggest that Pol I stalling at Ap
sites involves two major steps (Fig. 7). In the first step, Pol I is able to
slowly add a nucleotide opposite the lesion, with preference for ade-
nine, which is equivalent to Pol II°. In the second step, Pol I stalls firmly
due to impaired nucleotide addition and fast RNA cleavage, leading to
minimal bypass. In contrast, Pol Il presents a greater tendency to
bypass Ap sites after nucleotide addition opposite the lesion. On one
hand, this is due to the fact that Pol Il is able to fully translocate after
nucleotide addition opposite the lesion, while translocation is unfa-
vored in Pol I (Fig. 6). On the other hand, Pol I-intrinsic RNA cleavage
activity acts as failsafe mechanism to minimize bypass, whereas RNA
cleavage in Pol Il is negligible in the absence of TFIIS. Because Pol I is
less prone to bypass that Pol II, we speculate that putative mutations
on rRNA derived from Ap site bypass could be more deleterious for the
cell than those generated from bypass by Pol II, as previously sug-
gested for CPD lesions™.

While the main pathway to repair Ap sites is BER, transcription-
coupled nucleotide excision repair has been reported to operate for
Ap site removal from the template DNA strand in yeast”’. Moreover,
NER was shown to repair Ap sites in genes that are highly transcribed
by Pol IP**%%°, Given rDNA is transcribed at high rates, it is plausible
that a similar mechanism operates for Pol I stalled at Ap sites, as NER
was shown to function in this transcription system®%¢.,

Methods

Protein purification

Yeast Pol Il was purified following described protocols®. Purification of
yeast Pol I was performed following described procedures®® with
minor modifications. A S. cerevisiae strain harboring a tandem affinity-
purification tag at the C-terminus of subunit A190 was grown in a
fermenter containing 50 L of YPDA for 20 h at 30 °C to an ODg¢g of 5.5,
harvested by centrifugation and stored at —80 °C until use. Subsequent
steps were performed at 4°C. Five hundred grams of cells were
resuspended in a buffer containing 250 mM Tris-HCI pH 7.4, 20% gly-
cerol, 250 mM ammonium sulfate, 1mM EDTA, 10 mM MgCl,, 10 uM
ZnCl,, 10mM [-mercaptoethanol, supplemented with protease-
inhibitors (1 mM phenylmethanesulfonyl fluoride, 2 ug/ml leupeptine,
4 mM benzamidine, 1.4 ug/ml pepstatine A) and DNAse (Roche), and
lysed with glass beads using a BeadBeater (Biospec). After cen-
trifugation, the supernatant was incubated with 4 ml of IgG Sepharose
(GE Healthcare) for 6 h, washed with a buffer containing 50 mM Tris-
HCI pH 7.4, 5% glycerol, 200 mM NacCl, 1 mM MgCl,, 10 uM ZnCl, and
5 mM dithiothreitol (DTT) and incubated overnight with tobacco etch
virus (TEV) protease. The TEV eluate was further purified using a Mono
Q column (GE Healtcare) and a gradient from 0.2 to 1M NaCl in buffer
20 mM Tris-HCI pH 7.4, 1 mM MgCl,, 10 uM ZnCl, and 5 mM DTT. Pol

I-containing fractions were pooled and concentrated to 5 mg/ml, fro-
zen in liquid nitrogen and stored at —80 °C for further use.

In vitro transcription assays with mismatched bubble scaffolds
Non-template DNA (5-GATTTCATACGCCATTCCTTCTCTCTGCTTATC
GGTAG-3’), undamaged template DNA (5-CTACCGATAAGCA-
GATTCTCTCGATTGCGTATGAAATC-3’ or 5-CTACCGATAAGCAGATT
GTCTCGATTGCGTATGAAATC-3’) or template DNA with lesion (5-
CTACCGATAAGCAGATaCTCTCGATTGCGTATGAAATC-3’ or 5-CTAC
CGATAAGCAGATaGTCTCGATTGCGTATGAAATC-3’) where ‘@’ repre-
sents the abasic site analog tetrahydrofuran, and 12mer RNA (5-
AUAAAUCGAGAG-3’ or 5-AUAAAUCGAGAC-3) oligonucleotides were
purchased from IDT. Pol I and Pol II elongation complexes with full
bubble scaffolds were assembled by stepwise method as previously
described®’. The molar ratio of RNA:TS:NTS is 1:1.5:2. First the 5- **P
labeled RNA was annealed to TS in assembly buffer (20 mM Tris-HCI,
pH 7.5, 150 mM NaCl, 5mM DTT) by heating to 95°C and slowly
cooling down to room temperature. Then Pol I or Pol Il was incubated
with RNA-TS hybrid on ice for 5min and followed by incubating at
room temperature for 5 min, then 10 min at 35 °C. NTS was added into
polymerase/RNA/TS mixture and incubated at 35°C for 5min, fol-
lowed by slowly cooling down to room temperature for 40 min to form
elongation complexes. The elongation complex was incubated at 30 °C
for 10 min, then transcription reaction was initiated by adding 2 mM
NTP mix or 2mM individual NTP diluted with elongation buffer
(150 mM NaCl, 20 mM Tris-HCI, pH 7.5, 5mM DTT, 10 mM MgCl,). Final
concentrations of each component in the reaction system are 30 nM
scaffold and 200 nM polymerase. All the reactions were conducted at
30°C and quenched by adding quench-loading buffer (90% for-
mamide, 50 mM EDTA, 0.05% xylene cyanol and 0.05% bromophenol
blue) at each desired time points (1 min, 5 min, 15 min, 60 min or 1 min,
20 min, 60 min). Samples were boiled for 10 min at 95 °C and product
RNAs were analyzed by 12% (wt/vol) denaturing PAGE (6 M urea). The
gels were visualized by phosporimaging and analyzed using Image
Laboratory software (BioRad).

In vitro transcription assays with minimal scaffold
Non-template DNA (5-TCTGCTTATCGGTA-3’), template DNA (5-
CTACCGATAAGCAGATaCTCTCGATG-3’) where ‘@’ represents the
abasic site analog tetrahydrofuran, and 8mer RNA (5’- AUCGAGAG-3’)
or 9mer RNA (5- AUCGAGAGA-3) were purchased from IDT. The
transcription elongation assay was performed based on previous
reported methods with slight modifications’. Briefly, an aliquot of 5"
32p labeled RNA was annealed with a 1.5-fold amount of template DNA
strand (TS) and 2.0-fold amount of non-template DNA strand (NTS) to
form the RNA/DNA mini-scaffold in a buffer composed of 20 mM Tris-
HCI (pH 7.5), 150 mM KCI, 5mM DTT. An aliquot of annealed scaffold
was then incubated with a five excess amount of purified Pol I or Pol II
on ice for 5 min, followed by incubation at room temperature (23 °C)
for 15 min to ensure the formation of Pol I or Pol Il elongation complex.
The transcription was chased by adding an equal volume of solution
containing 150 mM NaCl, 20 mM Tris-HCI (pH 7.5), 5mM DTT, 10 mM
MgCl,, and 2 mM NTP. Final reaction concentrations after mixing were
30 nM scaffold, 150 nM Pol I or Pol II, 10 mM MgCl,, and 1 mM NTP.
Reactions were quenched at various times (0, 0.25,1, 4,15, 60 min or O,
1, 4,15, 60 min) by addition of one volume of 0.5M EDTA (pH 8.0). The
RNA transcript was analyzed by 12% (wt/vol) denaturing urea/PAGE.
The gel was visualized by phosphorimaging and analyzed using Ima-
gelab software (BioRad).

Preparation of Pol I EC stalled by an abasic site for structural
studies

Non-template DNA (5-GATTTCATACGCCATTCCTTCTCTCTGCTTATC
GGTAG-3), template DNA (5- CTAAAGTATGCGTTAGCTCTCaTAG
ACGAATAGCCATC-3’, where ‘@’ represents the abasic site analog
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tetrahydrofuran) and RNA-1 (5- AUAAAUCGAGAG-3’) or RNA-2 (5-
AUAAAUCGAGAGA-3’) from IDT were resuspended in a buffer con-
taining 10 mM Hepes pH 8.0, 150 mM NaCl. The DNA strands were
mixed in equimolar amounts, heated to 95 °C and slow-cooled to 4 °C.
After, either RNA-1 or RNA-2 was added in equimolar amounts, the
mixture was heated to 45 °C and slow-cooled to 4 °C. The scaffold was
then incubated in equimolar amounts with Pol I overnight at 4°C in a
buffer containing 10 mM Tris pH 7.4, 150 mM NaCl and 5 mM DTT. For
the scaffold containing RNA-1, the buffer was supplemented with 5 mM
MgCl, and 1mM AMPCPP. For the scaffold containing RNA-2, 1mM
EDTA was added.

Cryo-EM sample preparation and data collection
For the sample containing RNA-1, we collected data from two dif-
ferent cryo-EM samples due to strong preferential orientation. For
the first dataset, the final Pol I concentration was 0.07 mg/ml and
8 mM CHAPSO was added prior to grid preparation. Three micro-
liters of sample were applied to freshly glow-discharged Quantifoil
R2/1, 400 mesh grids coated with a second layer of homemade thin
continuous carbon. After 1 min incubation, grids were blotted for 2 s
and blot force of =5 on a Vitrobot Mark IV (FEI) at room temperature
and 100% humidity, then plunged into liquid ethane. For the second
dataset, the final Pol I concentration in the stalled EC sample was
0.24 mg/ml and no further chemicals were added. Four microliters
of sample were applied to freshly glow-discharged Quantifoil R2/2,
300 mesh grids. After 30 s incubation, grids were blotted for 3 s and
offset -3 mm on a Vitrobot Mark Il (FEI) at room temperature and
100% humidity, then plunged into liquid ethane. In both cases,
vitrified grids were stored in liquid nitrogen. Both datasets were
collected on the Titan Krios I electron microscope (FEI) at the Dia-
mond Light Source operated at 300 kV, using a K2 summit direct
electron detector (Gatan) and the EPU automated single-particle
acquisition software (FEI). In both cases, data were acquired with a
final pixel size of 1.047 A at the specimen level, using defocus values
between -1 and -3.5um in 0.3 um intervals, and the camera was
operated in dose-fractionation counting mode. For grids coated
with thin continuous carbon, 4425 movies were collected at tilt
angle 0°, with a total dose of 42.5 e”/A> accumulated over 8s and
fractionated across 40 frames. For holey grids lacking continuous
carbon, 6424 movies were collected at tilt angles 0°, 20°, and 30°
with a total dose of 40.1 e /A2 accumulated over 8 s and fractionated
across 40 frames.

For the sample containing RNA-2, the final Pol I concentration was
0.4 mg/ml. Four microliters of sample were applied to freshly glow-
discharged UltrAufoil R1.2/1.3, 300 mesh grids. After 30 s incubation,
grids were blotted for 2's and blot force of -5 on a Vitrobot Mark IV
(FEI) at 10 °C and 100% humidity, then plunged into liquid ethane and
stored in liquid nitrogen. Data were collected on the Titan Krios (FEI) at
the BREM Facility operated at 300kV, using a K3 direct electron
detector (Gatan) and the EPU automated single-particle acquisition
software (FEI). Data were acquired with a final pixel size of 0.646 A at
the specimen level, using defocus values between -1 and -2.5pum in
0.3 um intervals, and the camera was operated in dose-fractionation
counting mode. A total of 23488 movies were collected at tilt angle 30°
with a total dose of 47.2 e”/A% accumulated over 1.7 s and fractionated
across 40 frames.

Cryo-EM data processing

For the sample containing RNA-1, a total of 10849 movies from both
datasets were aligned with MotionCorr2°* and global CTF parameters
were estimated using CtfFind®. 2137 of those were discarded after
manual inspection of average micrographs and their corresponding
power spectra. For the first dataset, around 1000 particles were
manually-picked, reference-free 2D classified and the resulting
averages used as templates for autopicking in Relion 3.0°. For the

second dataset, particle locations were obtained with crYOLO®, then
used to estimate per-particle CTF defocus values with Getf®®. Relion
3.0 was used for further processing. Particles from both datasets
were separately extracted using a box of 288 pixels and subjected to
several rounds of 2D classification. 199450 and 635120 particles from
the first and second datasets, respectively, belonging to classes that
produce averages showing secondary structure features were joined
and used to generate an initial model. All particles were jointly
refined using the initial model as a reference, then polished and their
CTF parameters refined. A global 3D classification into 6 classes was
performed. Two classes lacking two or three lobe-associated sub-
units, plus 2 classes with different cleft opening were refined. A fifth
class showed density in the funnel and was used for focused 3D
classification using a mask around the funnel. The resulting class
showing strong density in the funnel was subsequently refined. To
identify AMPCPP binding sites, we performed focused 3D classifica-
tion with a mask around the active center using CryoSPARC®. Two
classes showing density accounting for AMPCPP at distinct locations
in the vicinity of the active center were refined. In all cases, final post-
processing was performed using automatic masking and B-factor
sharpening.

For the sample containing RNA-2, a total of 23488 movies were
imported into CryoSPARC, where subsequent image analysis was
performed. After movie alignment and CTF estimation, 4234 movies
were discarded. Particles were selected using the blob picking utility,
then extracted using a box of 500 pixels and subjected to several
rounds of 2D classification. 1282765 particles belonging to classes with
averages showing secondary structure features were used to generate
an ab initio model. These particles were subjected to focused 3D
classification with a mask around the DNA-binding cleft. One of the
resulting classes showing density for the RNA 3’-end was refined using
non-uniform refinement.

Model building and refinement

The available structure of undamaged Pol I EC containing GMPCPP in
the A-site (PDB code: 6HKO) was fitted into the 3D maps using UCSF
Chimera’ and used as starting point for model building with Coot™
and subsequent real-space refinement as implemented in Phenix™.
Refinement statistics are summarized in Supplementary Table 1. Fig-
ures were prepared using PyMOL (Schrédinger Inc.) and ChimeraX”.
Sequence alignments are performed with Clustalw’* and represented
with ESPript3”.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The cryo-EM structures generated in this study have been deposited in
the Protein Data Bank under accession codes 9G1V, 9G26, 9G2C, 9G29,
9G2B, 9GIX, 9G23, 9G24, 9G27. Their corresponding electronic den-
sity maps have been deposited in the Electron Microscopy Data Bank
under accession codes EMD-50955, EMD-50965, EMD-50972, EMD-
50970, EMD-50971, EMD-50956, EMD-50962, EMD-50963, EMD-
50966. These structures and maps are detailed in Supplementary
Table 1. The additional atomic structures used in this study are avail-
able in the Protein Data Bank under accession codes 5M3F, 6H67,
6RUO, 5M3M, 6HLQ, 6HKO, 1R9T, 6ASX, 8UHA. Source data are pro-
vided with this paper.
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