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Abstract

N 8-Methyladenine (AS-mA or 6 mA) is an epigenetic DNA modification in eukaryotic genomes.
In contrast to the well-established roles of 5-methylcytosine for epigenetic regulation of gene
expression, the functional roles of A®-mA remain elusive. In particular, the impact of AB-mA
modification of the DNA template on RNA polymerase Il (pol 1) transcription elongation is not
known. In this work, using the Saccharomyces cerevisiae pol 11 transcriptional elongation system
as a model, we investigated the molecular mechanism of pol 11 recognition and processing of Af-
mA sites via both biochemical and structural approaches. We found that AB-mA causes site-
specific pol Il pausing/stalling. Structural analysis revealed that while AB-mA can reach the +1
template position, the stability of the AB-mA and UTP base pairing is compromised. Taken
together, we reveal that the presence of the 6-methyl group on adenine reduces incorporation
efficiency and promotes backtracking translocation. Our studies with yeast pol 11 provide
molecular insights into understanding the impacts of AB-mA on pol Il transcription dynamics in
different organisms.
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Graphical Abstract

RNA Polymerase |l (Pausing)

INTRODUCTION

Epigenetic DNA methylation plays important roles in various biological processes.! It is
well-established that epigenetic mark 5-methylcytosine (5mC) plays crucial roles in
regulating gene expression and affects X chromosome inactivation, cellular differentiation,
and tumor development.2=4 Another naturally occurring DNA modification, AB-
methyladenine (AB-mA or 6mA) (Figure 1a), was previously thought to be absent in
metazoans and only present in prokaryotes and a limited number of unicellular eukaryotes.
56 Recently, several new reports described the genomic distributions of AB-mA in many
phylogenetically distinct eukaryotes including fungi,” green algae,® insects,® nematodes, 1
frogs,1! fish,12 and mammals.11-13 Interestingly, the genomic abundance of AB-mA varies
from ~0.0001-0.0003% of adenines in plants and mammals to as high as 2.8% of adenines
in early diverging fungi.1* Mounting evidence from different laboratories suggested
intriguing functional relevance between AP-mA and gene expression /1 vivo, despite the
underlying mechanism still not being fully understood. The genomic distribution and effects
of A®-mA on gene expression have been found to differ among different eukaryotes. In
particular, for certain species associated with high abundance of AB-mA, such as green algae
and fungi, A®-mA is associated with active gene expression.8 We previously showed that in
Chlamydomonas reinhardtii N6-mA is enriched around the transcription start site (TSS) of
more than 14 000 genes (approximately 84% of all genes in this organism), most of which
are actively transcribed.8 Furthermore, RNA-Seq analysis suggested that the presence of AS-
mA at TSS is well correlated with high transcriptional activity.8 Intriguingly, another recent
paper revealed that up to 2.8% of all adenines were methylated in early diverging fungi and
these AB-mAs are clustered at or immediately downstream of the transcription start site
(TSS) (~500 bp) of active genes.” In Drosophila melanogaster, N°-mA is enriched in
transposon bodies and is associated with increased transcriptional activity of transposons.
In Caenorhabditis elegans, N°-mA levels were also found to be elevated in mutants with
elevated levels of histone H3 lysine 4 dimethylation (H3K4me2), which is a mark associated
with active transcription.10 Taken together, these studies from different species strongly
indicate the functional relevance between AB-mA and gene expression /n vivo, however, the
molecular mechanisms of AB-mA in gene expression regulation remain elusive.15:16
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RNA polymerase 1l (pol 11) is responsible for pre-mRNA transcription and is sensitive to
various DNA modifications. 17-19 During transcription elongation, RNA pol 11 travels along
the DNA template strand and may encounter all kinds of transcriptional obstructions,
including covalent DNA lesions and epigenetic DNA modifications.17-19 These DNA
modifications can affect the template recognition by RNA pol Il and lead to distinct
transcriptional outcomes (transcriptional pausing/stalling, lesion bypass, arrest) and
downstream biological processes.2%-24 Previously, we revealed that RNA pol 11 is able to
detect 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) via a conserved epi-DNA loop,
suggesting the functional role of these oxidized 5-methylcytosines (oxi-mCs) in fine-tuning
the transcriptional dynamics of RNA pol 11.25:26 |t is not clear whether AB-mA, a different
eukaryotic DNA modification, can be recognized by RNA pol Il and influences the
transcriptional elongation in a similar manner.

In this study, we systematically investigated the molecular mechanism of how AB-mA affects
RNA pol Il transcriptional elongation using biochemical and structural approaches. Our
studies revealed that the presence of A®-mA in the DNA template causes site-specific RNA
pol Il transcriptional pausing. Based on our combined biochemical and structural data, we
propose a unified mechanism of how different epigenetic DNA modifications are recognized
by pol Il during transcription. This study provides new insights into understanding the
potential functional roles of AP-mA in gene expression.

RESULTS AND DISCUSSION

N6é-mA-Induced Site-Specific pol Il Transcriptional Pausing

To investigate whether the presence of AB-mA affects pol Il transcription elongation, we
performed /n vitrotranscription assays with purified RNA pol 11 and scaffolds containing
multiple site-specifically modified AB-mA sites in the DNA template strand (Figure 1b). As
shown in Figure 1c, we observed specific transcriptional pausing bands induced by AB-mA,
in comparison with the unmodified DNA template. The pol Il pausing sites are located right
before the AB-mA sites (for example, 10mer and 13mer, Figure 1c and Figure S1).
Consistently, we only observed a single AB-mA-induced pol 11 pausing/stalling for the
template containing a single AB-mA in the DNA template strand (10mer position, Figure
S2a). Interestingly, pol Il is able to bypass these pausing sites with prolonged incubation in
the presence of NTPs, leading to the generation of full-length RNA transcripts.

Transcription factor S-11 (TFIIS) facilitates pol 11 bypass of a variety of obstacles, including
certain DNA lesions, pausing sequences, and nucleosomes.2’~2% The apparent stimulatory
role of TFIIS on pol Il bypass is achieved by its capability to facilitate the cleavage of the
backtracking RNA transcript, reactivating backtracked RNA pol Il. We then tested whether
TFIS can help RNA pol 11 bypass the AB-mA site. Intriguingly, in the presence of TFIIS, we
observed prolonged pol 11 stalling right before it reaches AB-mA sites (e.g., 10mer position),
whereas no obvious TFIIS effect was observed at the same position for control A template
(10mer position, Figure 1d and S2c). This result suggests that the forward translocation
driven by nucleotide addition opposite the A®-mA site is much slower than backtracking and
TFIIS-stimulated transcript cleavage. Consequently, we observed that TFIIS delays pol Il
transcriptional bypass of AB-mA site.
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Né-mA Reduces UTP Incorporation and Promotes pol Il Backtracking

To further understand the molecular basis of A®-mA-induced pol Il transcriptional pausing
and its impact on transcriptional fidelity, we systematically investigated the effect of AS-mA
on three transcriptional fidelity checkpoints: insertion, extension, and proofreading. For the
insertion step, we performed single nucleotide incorporation into the single Af-mA site and
observed ~6-fold slow down of UMP incorporation opposite AP-mA in comparison with
unmodified DNA template (Figures 2a and S3). We also tested the effect of A8-mA on
nucleotide selectivity and found that UTP is still the most efficient substrate to be
incorporated opposite the A8-mA template among all four nucleotide triphosphates (NTPS)
(Figure S4). Taken together, these results suggest that while the methylation of adenosine
substantially reduces the nucleotide incorporation efficiency, there is no notable effect on
nucleotide selectivity. For the extension step, we did not observe any notable effects between
the AB-mA template and unmodified template (Figure S2b). For the proofreading step, we
compared TFIIS-stimulated transcript cleavage activity in the AB-mA modified and
unmodified A template. We found that the presence of AB-mA affects both cleavage rates
and translocation register. The cleavage rate in the A®-mA template is ~2—4-fold faster than
that for the unmodified template (Figures 2b and S5). Importantly, the presence of AB-mA
significantly alters the cleavage pattern of RNA transcript. For the scaffold containing a 3'-
rU:dA pair, we observed that a majority of cleaved transcript is the 7— 1 cleavage product
(black arrow in Figure 2b) derived from pol Il at a pretranslocation register (47% + 1%,
10mer) (Figure S5b), whereas only a minor portion of the cleaved transcript is the 7—2
cleavage product (blue arrow in Figure 2b) presumably derived from a backtracked pol Il
(14% + 0.4%, 9mer) (Figure S5¢). In sharp contrast, for the scaffold containing a 3”-rU: AS-
mA pair, we observed that the backtracked-pol Il-derived 77— 2 cleavage product became
dominant (~46% + 1%, 9mer) (Figure S5c), whereas n— 1 cleavage product (derived from
pol Il at pretranslocation register) dropped to ~31% (Figure S5b). These results suggest that
an rU: AB-mA pair is less stable than its unmodified counterpart (an rU:dA pair). For the Af-
mA template, pol 1l is more prone to backtracking and subsequent cleavage to generate a
shorter RNA transcript (- 2). After cleavage, pol 11 can rapidly incorporate one more
nucleotide and pause/stall at 72— 1 position because nucleotide insertion opposite the AB-mA
template is relatively slow. Pol Il may experience several cycles of addition—backtracking—
cleavage before it can eventually bypass the AB-mA site.

Structural Basis of the Impacts of N6-mA on pol Il Transcription

To reveal the structural basis of how AB-mA is accommodated at the pol 11 active site, we
first determined the crystal structure of pol 11 elongation complex containing a site-specific
AB-mA at the 7+ 1 position (EC-I, Table S1). We found that the AB-mA is located at the
canonical 7+ 1 template site in a similar manner to the unmodified A template (PDB code
2NVZ)30 (Figure S6), suggesting that the methylation on the A# position of adenine does not
alter the template positioning. To further understand how AS-mA affects UTP incorporation,
we solved the crystal structure of pol Il elongation complex containing a nonhydrolyzable
UTP analogue (UMPNPP) paired with A®-mA (EC-11, Figures 3 and S7, Table S1). We built
UMPNPP into the canonical addition site to fit the electron density in the pol Il active site
(Figure S7a). Interestingly, while UMPNPP maintained a Watson—Crick base pair with AS-
mA, the UMPNPP base ring rotated ~30° in comparison with its unmodified counterpart
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UTP:dA pair (PDB code 2NVZ). This observation suggests a weakened UTP:AB-mA pair in
comparison with canonical UTP:dA pair, which is consistent with previously reported NMR
studies.3! In addition, we noticed additional electron density nearby the UMPNPP
triphosphate moiety. An alternative conformation of UTP triphosphate moiety, which can
best fit the redundant density, was built into the final model, though other potential
interpretations may also exist (Figure S7).

Mechanistic Insights into the Interplay between pol Il and Epigenetic DNA Modifications

Several novel mechanistic insights can be obtained by comparing the functional interplays
between pol I transcription and two important classes of epigenetic DNA marks: Af-mA
and 5mC (and its oxi-mC derivatives). First, all of these DNA modifications are small and
are located at the major groove of DNA duplex, and therefore are better tolerated by pol 11
active site than bulky DNA modifications or minor-groove modifications. The structural
analysis revealed that the matched incoming nucleotide can still form a Watson—Crick base
pair with modified DNA template to maintain the correct nucleotide selection. Second, while
none of these epigenetic DNA modifications permanently block pol Il elongation, they have
distinct effects on pol Il elongation dynamics and pausing. For example, the methyl group of
AB-mA, but not 5mC, can cause pol Il pausing. Among the modifications at the same 5-
position of cytosine, 5fC and 5caC but not 5mC and 5hmC lead to pol Il pausing.2® Third,
we revealed a novel pol 1l pausing mechanism by AB-mA, which is different from 5caC/5fC-
induced pol Il pausing. Previous study revealed that a conserved epi-DNA loop at the Rpb2
subunit of pol 11 directly recognizes 5¢caC/5fC by hydrogen-bonding interactions and has an
important role in 5caC/5fC-induced pol 11 pausing.2® In contrast, AB-mA can freely
translocate into the canonical 7+ 1 template position, escaping the detection by epi-DNA
loop.

Three-Step Model for the Processing of Epigenetic DNA Modifications by pol I

Comparing the molecular mechanisms of 5fC/5caC-induced pol 11 pausing28 and AB-mA-
induced pol Il pausing, we propose the following three-step model for pol Il recognition and
processing of epigenetic DNA maoadifications (Figure 4). The first step of recognition is
“template positioning”. In this step, the downstream template base (7 + 2) crosses over the
bridge helix and reaches the canonical 7+ 1 template position. The conserved epi-DNA loop
can detect specific epigenetic DNA modifications via specific hydrogen-bonding interactions
(such as 5fC/5caC). On the other hand, 5mC and AB-mA can escape epi-DNA loop detection
as their hydrophobic methyl group cannot form hydrogen-bonding interactions. The second
step of recognition is termed “substrate positioning and active site assembly”. In this step,
the correct substrate is positioned into the addition site to form a Watson—Crick base pair
with template base, with the trigger loop and other active site pol Il residues undergoing
conformational changes to reorganize the pol Il active site in order to commit effective
nucleotide addition. In this step, 5caC/5fC and AB-mA compromise substrate positioning
and full-assembly of pol Il active site through distinct mechanisms. The 5caC:GTP pair has
a positional shift from the canonical position of a C:GTP base pair (due to the 5caC—epi-
DNA loop interaction) and consequently slows down GMP incorporation. 26 In contrast, the
methyl group of the AB-mA directly weakens the base pairing and consequently slows down
UMP incorporation. Notably, the methyl group of 5mC has minimum effect on hydrogen-
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bonds within base pair, substrate positioning, and active site assembly in this step; therefore,
the GTP incorporation opposite 5mC is as fast as that with unmodified C. The third step of
recognition is “post-insertion translocation”. In this step, the newly formed base pair
undergoes either forward translocation for the next round of NTP addition or rearward
translocation for backtracking. Because backtracking requires the disruption of the 3”-base
pair, the hydrogen-bonding strength of the 3”-base pair is crucial. For the AB-mA template,
the weakened base pair between U: AB-mA promotes backtracking. The presence of AB-mA
increases cleavage rate and changes the cleavage pattern in comparison with unmodified A
template (Figure 2b). Interestingly, the presence of 5fC and 5caC also promotes the
backtracking population of pol Il complex. The TFIIS-mediated cleavage rates for scaffolds
containing 5fC and 5caC increased by 5.0- and 2.6-fold, respectively, whereas no noticeable
changes were observed in the case of 5ShmC and 5mC compared with unmodified C
template.2> Taken together, these results indicate that the presence of 5fC/5caC or AB-mA
greatly shifts pol Il from an active population (poised for elongation) to a paused population
and promotes pol 11 stalling and RNA backtracking.

Functional Interplays between N6-mA and Transcription

Previous studies indicated that AB-mA can impact transcription indirectly by modifying
transcription factor binding or altering chromatin structure. Indeed, the presence of AB-mA
has been shown to modulate transcription factor binding to its target sequence.32
Furthermore, AB-mA can also affect pol Il transcription by affecting nucleosome
positioning, which has a profound effect on every phase of pol Il transcription process
including initiation and elongation. We previously reported that A®-mA occurrence at TSS
exhibits a periodic pattern with maxima that are complementary to nucleosome binding
sites, suggesting that AB-mA potentially is involved in nucleosome positioning in C.
reinhardtii® which is also consistent with early observation in 7etrahymena thermophile.33
In this study, we presented that AB-mA can directly interact with RNA pol 1l and cause
transcriptional pausing/stalling. Considering the distribution patterns of A8-mA across the
genome in different organisms, it is possible that these stalling effects may add a new layer
of fine-tuned regulation of Pol I transcription elongation dynamics. The transient Pol |1
pausing caused by A®-mA may also provide signals for the recruitment of various
transcription elongation factors or chromatin remodeling complexes to induce additional
functional consequences. Thus, the mechanisms of A8-mA in controlling in vivo RNA pol 1l
transcription could be multilayer, and future studies are warranted.

CONCLUSION

In summary, here we investigated the effect of AB-mA on core pol Il transcriptional
machinery using both biochemical and structural approaches. We found that A®-mA can
cause specific pol 11 pausing and revealed a novel mechanism of A®-mA-induced pol 11
pausing that is different from the previous reported 5caC-induced pol Il pausing. We also
found that AB-mA can escape the detection of epi-DNA loop and reach the canonical
template position. However, the methyl group of Af-mA weakens the Watson—Crick base
pair with incoming UTP and slows down incorporation opposite A8-mA. This weakened
pairing between UMP:AB-mA also promotes pol 11 backtracking. Our results indicate that
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pol Il can read and distinguish different epigenetic marks, and we propose a three-step
recognition mechanism for pol Il processing of epigenetic DNA modifications. These
findings provide an important new perspective on the functional interplay between
epigenetic DNA modification and transcription elongation dynamics.

MATERIALS AND METHODS

Materials

RNA pol 11 was purified from Saccharomyces cerevisiae as previously described.3%:34 The
template and nontemplate DNA oligonucleotides were purchased from IDT. The AB-mA
templates and RNA primers were purchased from TriLink Biotechnologies (Figure S8).
RNA primers were radiolabeled using [y-32P]ATP (PerkinElmer) and T4 Polynucleotide
Kinase (NEB). The ultrapure NTPs were purchased from Affymetrix.

In Vitro Transcription Assays

The pol 11 elongation complexes (pol Il EC) for the /n vitro transcription assays were
assembled using established methods.353¢ Briefly, an aliquot of 5"-32P-labeled RNA was
annealed with a 1.5-fold amount of template DNA and 2-fold amount of hontemplate DNA
to form the RNA/DNA scaffold (final stock concentration 200 nM, defined by RNA
concentration) in elongation buffer (20 mM Tris-HCI (pH 7.5), 40 mM KCI, 5 mM MgCly).
An aliquot of the annealed scaffold of RNA/DNA was then incubated with a 4-fold amount
of pol Il at room temperature for 10 min to ensure the formation of pol Il elongation
complex. The pol Il EC is ready for /n vitro transcription upon mixing with equal volumes
of NTP solution of various concentrations. Final reaction concentrations after mixing were
25 nM scaffold, 100 nM pol I, 5mM DTT, 5 mM MgCls, 40 mM KCI, 20 mM Tris-HCI
(pH 7.5), and NTP. For transcription assay in the presence of TFIIS, the pol Il elongation
complex was mixed with equal volume of NTP solution containing 400 nM or 2 /M TFIIS.
Final reaction concentrations after mixing were 25 nM scaffold, 200 nM pol 1, 5 mM DTT,
5 mM MgCl,, 40 mM KCI, 20 mM Tris-HCI (pH 7.5), and 200 nM or 1 ¢M TFIIS with
NTP in the elongation buffer. The products were quenched by 0.5 M EDTA (pH 8.0) and
subsequently analyzed by 16% denaturing urea/TBE PAGE.

Single Turnover Nucleotide Incorporation Assays

The assays were carried out as previously described.35:36 Briefly, nucleotide incorporation
assays were conducted by preincubating 50 nM scaffold with 200 nM pol 1l for 10 min in
elongation buffer to form pol Il elongation complex at 22 °C. The preincubated pol Il EC
was then mixed with an equal volume of solution containing 40 mM KCI, 20 mM Tris-HCI
(pH 7.5), 10 mM DTT, 10 mM MgCl,, and 2-fold concentrations of NTP. Final reaction
concentrations after mixing were 25 nM scaffold, 100 nM pol 11, 5 mM MgCl,, and NTP in
elongation buffer. Reactions were quenched at various time points by the addition of one
volume of 0.5 M EDTA (pH 8.0) and analyzed as described above. Nonlinear-regression
data fitting was performed using Prism 6. The time dependence of product formation was fit
to a one-phase association equation to determine the observed rate (Agps).
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TFIIS-Stimulated Cleavage Assay

Recombinant TFIIS was purified as described.25:3¢ Cleavage reactions were performed by
preincubating pol Il with various scaffolds as previously described with slight modification.
The solution was then mixed with an equal volume of solution containing TFIIS and MgCl,
in elongation buffer. Final reaction conditions were 100 nM pol 11, 25 nM scaffold, 200 nM
(or 1 gM) TFIIS, and 5 mM MgCls,. Reactions were quenched at various time points by the
addition of one volume of 0.5 M EDTA (pH 8.0). Products were separated by denaturing
PAGE as described above. The observed cleavage rates (kqps) Were determined with two-
phase decay fitting equations.

X-ray Crystallography Setup and Analysis

The template DNA, nontemplate DNA, and RNA oligonucleotides were annealed to form
the scaffold at a ratio of 1:2:2. The pol Il EC was assembled as previously described.3? The
pol Il EC crystals were grown using the hanging drop method in solutions containing 390
mM (NH,4)2HPO4/NaH,PO,4 (pH 6.0), 50 mM dioxane, 10 mM DTT, and 10-12.5% (w/v)
PEG6000. Crystals were transferred in a stepwise manner to cryo buffer as previously
described.30 For the pol II EC with UMP analogue, pol Il EC crystals were soaked with 3.5
mM UMPNPP (Jena Bioscience) and 5 mM MgCl, overnight.

Diffraction data were collected at beamline 8.2.1 at the Advanced Light Source, Lawrence
Berkeley National Laboratory, as well as beamline 7.1 at the Stanford Synchrotron Radiation
Lightsource. Data were processed with the program MOSFLM37 and scaled with SCALA
from the CCP4 program suite,38 and then the structure factors were further analyzed by
UCLA Diffraction Anisotropy Server.3° Molecular replacement was done with PHASER of
the CCP4 program suite using unmodified pol Il EC (PDB code 2NVZ) as a search model.
Model building and structural refinement were performed with COOT#? and PHENIX,*L
respectively. Notably, given the potential rotation flexibility of 6-methyl group and current
resolution limitation (3.4 and 3.6 A resolution), the conformation of the 6-methyl group of
AB-mA cannot be traced from the electron density map unambiguously. We built in the 6-
methyl group of AB-mA based on reported high-resolution structures containing A®-mA. For
the unpaired AB-mA, the 6-methyl group of AB-mA was built in a syr-conformation, which
is energetically preferred.*2-44 For the AP-mA paired with UMPNPP, the 6-methyl group of
AB-mA was built in an anti-conformation (Figure 3c) based on previous high-resolution
structures of AB-mA RNA duplex (PDB code 2MVS)3! and the complex of Dpnl with AP-
mA double-stranded DNA (PDB code 4ESJ and 4KYW).%5 The statistics of data collection
and refinement are summarized in Table S1. The quality of these final models was checked
with MolProbity.48 All of the structural figures were rendered in PyMOL (http://
www.pymol.org).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
AB-Methyladenine (Af-mA) causes RNA pol 11 transcriptional pausing. (a) Chemical

structure of adenine and AB-mA. 6-Methyl group is in red. (b) Transcription scaffold
containing AB-mA at DNA template strand. (c, d) AB-mA cause site-specific pol Il pausing
(highlighted with *) in the absence of TFIIS (c) and presence of 200 nM TFIIS (d). The
concentration of NTPs is 25 ¢M. Time points are 0, 10 s, 30 s, 1 min, 5 min, 20 min, 1 h,
and 3 h, respectively. 0* refers time zero for transcription from AS-mA template. All
experiments were repeated at least 4 times with similar results.
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Figure2.
AB-mA slows down UMP incorporation and promotes pol Il backtracking. (a) The presence

of AB-mA in the DNA template strand leads to slow UMP addition. The concentration of
UTP is 25 4M. Time points are 0, 15 s, 30 s, 1 min, 2 min, 5 min, 20 min, and 1 h. (b) The
presence of AB-mA in the DNA template promotes further backtracking revealed by TF11S-
stimulated transcript cleavage assay. Time points are 0, 15s, 1 min, 5 min, 20 min, 1 h, and 3
h, respectively. The DNA/RNA scaffolds are listed with 7+ 1 position highlighted. The n-1
and n— 2 cleavage products are highlighted by black and blue arrows, respectively.
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Figure 3.
Crystal structure of AB-mA-containing RNA pol 11 elongation complex with UMPNPP

soaked (EC-I1). (a) Overall structure of pol Il EC-11 containing an AB-mA template and
UMPNPP. Pol Il is shown from the side view as a ribbon model in silver, with the bridge
helix (BH) highlighted in green and Rpb2 omitted for clarity. The nucleic acids are shown as
stick models: template DNA (TS, blue), nontemplate DNA (NTS, cyan), and RNA (red).
The AB-mA at j + 1 site and one conformation of UMPNPP are highlighted as yellow and
orange, respectively. (b) Detailed interaction of UMPNPP: AB-mA from top view. There exist
two conformations of UMPNPP due to the flexibility of triphosphate moiety (more details in
Figure S7), but their base groups adopt similar orientation, so the other conformation is
omitted for clarity here. Hydrogen bonds are indicated as black dotted lines. (c) UTP and
corresponding unmodified dA template from canonical pol Il EC (PDB code 2NVZ) are
superimposed, which are shown as silver sticks and labeled as black. The potential rotational
range of the methyl group of AB-mA is represented as tiny cyan dots, in which the syn-form
is shown as dashed stick.
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Figure 4.
Model of epigenetic mark A®-mA recognition and processing by RNA pol 1. The upper

panel shows the side view, and the lower panel shows the top view. (a) The residue Q531 of
Rpb2 (colored as salmon) can capture 5caC (colored as magenta) (PDB code 4Y52) but not
AB-mA of template during template translocation. Addition site (A site) is shown as dotted
oval. (b) UTP entry is slowed down due to impaired stability of UTP:AP-mA pair. (c) After
UMP addition, the extended RNA is prone to backtracking due to the impaired stability of
UMP/AB-mA pair.
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