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Elongating nuclear RNA polymerases (Pols) frequently
pause, backtrack, and are then reactivated by endonucleolytic
cleavage. Pol backtracking and RNA cleavage are also crucial
for proofreading, which contributes to transcription fidelity.
RNA polymerase I (Pol I) of the yeast Saccharomyces cerevisiae
synthesizes exclusively 35S rRNA, the precursor transcript of
mature ribosomal 5.8S, 18S, and 25S rRNA. Pol I contains the
specific heterodimeric subunits Rpa34.5/49 and subunit
Rpa12.2, which have been implicated in RNA cleavage and
elongation activity, respectively. These subunits are associated
with the Pol I lobe structure and encompass different structural
domains, but the contribution of these domains to RNA elon-
gation is unclear. Here, we used Pol I mutants or reconstituted
Pol I enzymes to study the effects of these subunits and/or their
distinct domains on RNA cleavage, backtracking, and tran-
scription fidelity in defined in vitro systems. Our findings
suggest that the presence of the intact C-terminal domain of
Rpa12.2 is sufficient to support the cleavage reaction, but that
the N-terminal domains of Rpa12.2 and the heterodimer
facilitate backtracking and RNA cleavage. Since both N-ter-
minal and C-terminal domains of Rpa12.2 were also required
to faithfully incorporate NTPs in the growing RNA chain,
efficient backtracking and RNA cleavage might be a prerequi-
site for transcription fidelity. We propose that RNA Pols con-
taining efficient RNA cleavage activity are able to add and
remove nucleotides until the matching nucleotide supports
RNA chain elongation, whereas cleavage-deficient enzymes can
escape this proofreading process by incorporating incorrect
nucleotides.

All three nuclear RNA polymerases (Pols) share a homolo-
gous core structure, which is responsible for their enzymatic
activities but differ in Pol-specific subunits conferring distinct
functional and structural features to the enzymes (1–3). The
14 subunits containing Pol I from the yeast Saccharomyces
cerevisiae transcribe only one gene—the rRNA gene—with
high rate and efficiency (1, 2). In Pol I, three specific subunits,
the RNA cleavage–stimulating factor Rpa12.2, as well as
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subunit Rpa34.5 that forms via its N-terminal dimerization
domain a heterodimer with subunit Rpa49, bind to a region
within the second largest subunit Rpa135, which has been
designated as lobe structure (Fig. 1A). In Pol II, only subunit
Rpb9 binds to the corresponding lobe structure, which is
formed by subunit Rpb2. Interestingly, Pol II transcription
factors, TFIIE and the lobe-associated TFIIF and TFIIS, partly
share functional and structural features with Pol I subunits
Rpa49, Rpa34.5, and Rpa12.2, respectively. Thus, the subunits
Rpa12.2 and Rpa34.5/49 were designated “built-in” transcrip-
tion factors supporting the high transcriptional efficiency of
Pol I (1, 4). Recent investigations suggested a dynamic inter-
play between the lobe-binding factors in many steps of the
transcription cycle (reviewed in Ref. (5)) favoring the idea that
peripheral Pol I subunits may change both their position and
their association with the core enzyme during transcription
elongation.

Pol II counterparts of the Pol I lobe-binding subunits, TFIIS
and TFIIF, cooperate to allow backtracking of arrested/stalled
Pol II, TFIIS-assisted cleavage of the protruding RNA over-
hang, and relocation of the 30end of the nascent RNA in the
active center of the enzyme (6–10). In Pol I, the C-terminal
part of subunit Rpa12.2 is involved to cleave 30RNA overhangs
after backtracking (4, 11–14). This part of Rpa12.2 resembles
the zinc ribbon domain III of TFIIS and ranges from amino
acid 78 to 124 (Fig. 1C). Within the zinc ribbon at positions
D105 and E106, Rpa12.2 contains two evolutionary conserved
amino acids whose counterparts in domain III of TFIIS (D290
and E291) position a metal ion involved in hydrolytic cleavage
of backtracked RNA (15). This suggests that D105 and E106 of
Rpa12.2 have a similar function in Pol I transcription. In
transcriptional inactive Pol I, backtracked Pol I, and Pol I with
a partially expanded cleft conformation, the C-terminal
domain of Rpa12.2 is inserted in the active site (16–19). In
contrast, the domain is displaced from the active site in initial
transcribing complexes and elongation complexes correlating
with the complete closure of the cleft (19, 20).

Deletion of either the full-length Rpa12.2 or lack of its
N-terminal 69 amino acids results in growth inhibition at
elevated temperature, sensitivity to drugs depleting the
endogenous nucleotide pool, inefficient transcription termi-
nation, and hampers the assembly of Pol I (21–23). Further-
more, lack of Rpa12.2 or N-terminal truncation leads to the
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Figure 1. Pol I mutants and recombinantly expressed Pol I subunits and subunit domains used for reconstitution assays. A, Pol I WT and Pol I
mutants lacking distinct lobe-binding subunit domains used for the in vitro assays. The lobe-binding domains are highlighted in color. B, graphical outline of
the Rpa34.5/49 heterodimer domains used for the reconstitution assays. The five different constructs used for the studies are indicated in black. The
numbers represent the stretch of expressed amino acids, respectively. C, graphical outline of the Rpa12.2 domains used for the reconstitution assays. The 12
different constructs used for the studies are indicated in black. The numbers represent the stretch of expressed amino acids, respectively. Recombinant
full-length Rpa12.2 is abbreviated Rpa12FL(1–125). All mutants containing exchanges of amino acids (fourth column) have 125 amino acids. Position and
exchanged amino acid are indicated in brackets. Pol I, polymerase I.
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loss of Rpa34.5/49 and might influence the intrinsic stability of
elongation and termination complexes (23, 24). In an RPA12.2
deletion strain, error rates in rRNA synthesis were increased
(25). In contrast, deletion of the C-terminal 61 to 125 amino
acids, which contain the RNA cleavage–supporting activity,
has neither impact on growth at 30

�
C nor on association of

Rpa34.5/49. Kinetic studies on AT-rich templates indicated
that the N-terminal domain of Rpa12.2 can stimulate
transcription elongation suggesting that the N-terminal and
C-terminal parts of Rpa12.2 contribute differently to (r)RNA
synthesis (26).
2 J. Biol. Chem. (2022) 298(5) 101862
In contrast to Rpa12.2, it is not clear if and how the
Rpa34.5–Rpa49 heterodimeric complex or individual domains
of the subunits participate in RNA cleavage (4, 11). Rpa34.5
contains an N-terminal dimerization domain (amino acids
1–144) and a disordered arm domain (amino acids 145–233)
(Fig. 1B). In Rpa49, the N-terminal dimerization domain
(amino acids 1–101) is connected to a TFIIE-like C-terminal
tandem winged helix (amino acids 185–415) domain through a
flexible linker domain (amino acids 102–184) (27, 28). The
dimerization domain is attached to Pol I lobe at a similar
position as TFIIF to Pol II lobe structure. Together with the
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unstructured Rpa49 linker and the Rpa34.5 arm domain, it
contacts Pol I core enzyme. RNA cleavage by Pol I lacking
Rpa34.5/49 was shown to be either less efficient (11) or
completely absent (4). Accordingly, the exact role of Rpa34.5/
49 to support RNA cleavage likely in cooperation with Rpa12.2
is still elusive (4).

RNA cleavage is also required for transcriptional proof-
reading (29, 30). Incorporation of a wrong nucleotide by Pol II
may slow down RNA extension, which enables the enzyme to
undergo backtracking. Pol II backtracking by one position
enables nucleolytic cleavage of an RNA dinucleotide that
contains the misincorporated nucleotide. RNA cleavage can
occur in the absence of TFIIS (30). TFIIS recruitment to the
backtracked complex stimulates fast cleavage of the transcript
and the generation of a new 30-RNA end, after which tran-
scription resumes (29, 30). Pol II proofreading in vitro and
in vivo is also supported by subunit Rpb9 (31, 32), which
structurally resembles the N terminus of Rpa12.2. In Pol II,
both nucleotide selectivity and incorporation kinetics as well
as RNA cleavage in combination with RNA re-extension (RNA
proofreading) contribute to transcription fidelity (29). In Pol I,
subunit Rpa12.2 affects the kinetics and energetics of Pol
I-catalyzed nucleotide incorporation (26, 33). Furthermore,
lack of Rpa12.2 leads to NTP misincorporation in vivo (25). It
remains to be determined how Rpa12.2 or its individual
domains contribute to transcription fidelity by transcriptional
proofreading and to investigate if subunits Rpa34.5/49 might
participate in this process.

To analyze the function of Rpa12.2 and Rpa34.5/49 and/or
individual domains of the proteins in distinct activities of Pol I,
we purified enzymes lacking either all three subunits (Pol I
ΔRpa12), Rpa34.5/49 (Pol I ΔRpa49), or the C-terminal part of
Rpa12.2 (Pol I Rpa12.2ΔC) (Fig. 1A). We complemented the
mutant Pols with different combinations of recombinantly
expressed and purified proteins and/or domains of Rpa34.5,
Rpa49, and Rpa12.2 and analyzed RNA cleavage, (re-)exten-
sion, and transcriptional proofreading activities (Fig. 1, B and
C). Our results suggest a coordinated cooperativity between
the different domains of the lobe-binding subunits to ensure
efficient RNA cleavage and transcription fidelity.
Results

The N-terminal and C-terminal domains of Rpa12.2 are
required to ensure efficient RNA cleavage

An overview about Pol I mutants and recombinant Pol I
subunit domains used in this study is presented in Figure 1. Pol
I WT and Pol I mutants can be efficiently purified from yeast
cells expressing a protein A-tagged subunit Rpa135 (34). From
a strain in which the gene coding for subunit Rpa12.2 is
additionally deleted, a mutant enzyme lacking all three lobe-
binding subunits (Pol I ΔRpa12) can be isolated (35, 36)
(Fig. S1A). Affinity purification from a strain lacking Rpa49
results in an enzyme preparation without subunits Rpa34.5/49
(Pol I ΔRpa49) (18, 36) (Fig. S1A). Purification from a strain
expressing a C-terminally truncated variant of Rpa12.2 (lack-
ing amino acids 85–125) yielded a mutant Pol I (Pol I
Rpa12ΔC) with stably associated truncated Rpa12.2 as well as
Rpa34.5/49 (23, 36). The same was true for a mutant enzyme
purified from a strain expressing an even further truncated
Rpa12.2 lacking the C-terminal amino acids 70 to 125 (Pol I
Rpa12ΔC) (Fig. S1A; see also Fig. S3 in Ref. (36)).

To find out which domains of Pol I lobe-binding subunits
Rpa12.2, Rpa34.5/49 participate in RNA cleavage, recombinant
purified subunits or their domains were first added to Pol I
ΔRpa12 lacking all lobe-binding subunits. RNA cleavage was
monitored using a RNA–DNA hybrid scaffold containing
three nucleotide mismatches at the RNA 30end (clv3) (Fig. 2A),
which was similar to the previously used to analyze RNA
cleavage activity of Pol I (11). The 19 nucleotide-long RNA
contained a Cy5 fluorophore at its 50end, which allowed to
detect uncleaved and cleaved RNAs on a denaturing
polyacrylamide gel.

When Pol I WT was incubated with the clv3 scaffold, two
additional RNA fragments appeared that were two or four
nucleotides shorter than the original RNA indicating that Pol I
backtracked and removed either two or four nucleotides from
the 30overhang (Fig. 2B, lanes 2–7 and quantitation below).
Reduction of two nucleotides was predominant at earlier time
points, whereas RNA shortened by four nucleotides became
more prominent after 20 min of incubation indicating that
nucleotides were removed in two base pair increments. In
some experiments, Pol I WT also produced a minor RNA
fraction, which was eight nucleotides shorter (position −4)
(Fig. 2D, lane 2). Pol I Rpa12ΔC encompassing Rpa34.5/49 and
Rpa12.2 lacking amino acids 70 to 125 (Fig. 2B, lane 8) or Pol I
ΔRpa12 lacking all lobe-binding subunits (Fig. 2B, lane 9) were
not able to cleave RNA. This confirms previous studies that
showed that Pol I removes dinucleotides (11, 37) or four
nucleotides and that the C terminus of Rpa12.2 (amino acids
79–125) is required for cleavage (11). Cleavage of four
nucleotides from a 3-nucleotide overhang implies that the
correct nucleotide preceding the mismatched 30overhang and
forming a correct hybrid with the DNA is also removed
(cleavage position 0, Fig. 2A). In the presence of the recom-
binant full-length subunit Rpa12.2 (Rpa12FL), cleavage activity
of Pol I ΔRpa12 was restored (Fig. 2B, lane 10). Shortening by
four nucleotides (position 0) was predominant upon addition
of recombinant Rpa12.2 to Pol I ΔRpa12 (see also time-course
experiments in Fig. S4). There was also a minor fraction of
RNAs shortened by eight nucleotides (position −4 Fig. 2C,
lanes 6–8). Higher Rpa12.2 concentrations (Fig. 2C, compare
lanes 5–8) did not significantly change the cleavage pattern. It
should be noted that the occurrence of the RNA fragment
cleaved at position −4 was not observed in all reactions and
may depend on the respective enzyme preparation (compare
Fig. 2B, lane 10 with Fig. 1C lanes 6–8).

Rpa12.2 encompasses two subdomains characterized by
either an N-terminal or a C-terminal zinc ribbon (Fig. S1B).
The N-terminal domain stretching from amino acids 1 to 60 is
required for growth at higher temperature and for association
of Rpa12.2 with the core enzyme (23). The C-terminal domain
reaches from amino acids 80 to 125 and contains the evolu-
tionary conserved amino acids D105 and E106, which—in
J. Biol. Chem. (2022) 298(5) 101862 3
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Figure 2. Efficient RNA cleavage requires the N terminus and the complete C terminus of Rpa12.2. A, DNA–RNA hybrid scaffold with three mis-
matched nucleotides at the RNA 30end used for cleavage assays. Potential cleavage sites are indicated regarding the terminal hybrid base pair to the
nucleotide insertion site (site 0). The RNA contains a fluorescent Cy5 label on the 50RNA end. B, RNA cleavage requires the C terminus of Rpa12.2 and can be
reconstituted with recombinant full-length Rpa12.2. About 0.15 pmol of either Pol I or Pol I mutants were added to 0.05 pmol cleavage scaffold and
incubated for the indicated time intervals. Lanes 2 to 7, time course of the cleavage reaction using 0.15 pmol purified Pol I WT. Lane 8, 0.15 pmol Pol I
lacking the C terminus of Rpa12.2 (Rpa12ΔC); lane 9, 0.15 pmol Pol I lacking subunits Rpa12.2 and Rpa34.5/49 (Pol I ΔRpa12) without, and lane 10, with 0.78
pmol recombinant full-length Rpa12.2 (Rpa12FL). Fluorescent transcripts were analyzed on a 20% denaturing polyacrylamide gel (20% [v/v] acrylamide/
bisacrylamide [19:1], 6 M urea, 0.1% [v/v] TEMED, and 0.1% [w/v] ammonium persulfate). RNAs shortened by two (+2), four (0), or 8 (−4) nucleotides and
uncleaved RNAs (+4) are indicated. Quantitation of two independent kinetics using Pol I WT is shown in the lower panel. Values are indicated as percentage
of +4 RNA at time point 0. C, in the presence of Rpa12.2, Pol I removes predominantly four nucleotides from the RNA, which corresponds to cleavage site 0.
Cleavage reactions were performed using 0.2 pmol WT Pol I or Pol I mutants. Increasing amounts of recombinant Rpa12.2 (0.1, 0.2, 1, and 2 pmol Rpa12FL)
were added for 30 min to Pol I ΔRpa12 in reactions analyzed in lanes 5 to 8. Lanes 1 to 4, control cleavage reactions using 6 pmol recombinant Rpa12.2
(Rpa12FL) with Pol I ΔRpa12 (lane 1), 0.15 pmol Pol I WT (lane 2), 0.15 pmol Pol I Rpa12ΔC (lane 3), and 0.2 pmol Pol I ΔRpa12 (lane 4). Quantitation of two
independent titration experiments using 0.2 pmol Pol I ΔRpa12 and increasing amounts of Rpa12FL (0.1–2 pmol) is shown in the lower panel. Values are
indicated as percentage of uncleaved +4 RNA. D, regions of Rpa12.2 contribute differently to RNA cleavage. Cleavage reactions were performed using 0.2
pmol Pol I WT, 0.2 pmol Pol I ΔRpa49 (ΔRpa49), which lacks subunits Rpa34.5/49, but contains Rpa12.2, 0.2 pmol Pol I Rpa12ΔC, and 0.2 pmol Pol I ΔRpa12
(incubation time of 30 min). Reactions containing ΔRpa12 were substituted with 2 pmol Rpa12FL, 2 pmol of Rpa12.2 with C-terminal truncations (amino
acids [1–69] [1–85] [1–112] [1–119]), or 1 pmol Rpa12.2 with C-terminal truncations (amino acids [1–112]), 20 pmol Rpa12.2 N-terminal truncations (amino
acids [66–125] and [69–125]), and 2 pmol Rpa12.2 variants containing the point mutations as indicated. In the Rpa12.2 DE/AA subunit, the aspartate and
glutamate at positions 105 and 106 are exchanged to alanine, which—according to the corresponding amino acids in TFIIS—should inhibit the cleavage
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analogy to residues D290 and E291 in TFIIS—might be
required for hydrolytic cleavage of backtracked RNA. The
linker between the N-terminal and C-terminal domain of
TFIIS was suggested to transmit torsional stiffness, which fa-
cilitates the correct insertion of the C-terminal domain into
the active center if RNA cleavage is required (15). Therefore,
the Rpa12.2 linker area might also impact RNA cleavage by Pol
I. Furthermore, the stretch from amino acids 69 to 85
including the Rpa12.2 N terminus has been reported to be
required for the stable association of Rpa34.5/49 with Pol I
(23). Nevertheless, Rpa34.5/49 were still associated with Pol I
Rpa12ΔC encompassing only amino acids 1 to 69 (Fig. S1A).
Several recombinant Rpa12.2 mutants were purified from
bacteria (Figs. 1C and S1B) and analyzed in their ability to
support cleavage by Pol I ΔRpa12 (Fig. 2D). Control reactions
contained Pol I WT, Pol I ΔRpa49, Pol I Rpa12.2ΔC, Pol I
ΔRpa12, and Pol I ΔRpa12 supplemented with full-length
Rpa12.2 (Fig. 2D, lanes 2–6). The N-terminal Rpa12.2 do-
mains 1 to 69 and 1 to 85 should in principal bind to the Pol I
lobe but supported no cleavage (Fig. 2D, lanes 7 and 8). The
same is true for the DE/AA mutant in which aspartate and
glutamate at positions 105 and 106 were exchanged by alanine
(Fig. 2D, lane 12).

Interestingly, truncation mutants that were lacking only a
few C-terminal amino acids (110–125, 113–125, and 120–125)
but still contained D105 and E106 were also not able to
stimulate RNA cleavage (Fig. 2D, lanes 9–11) (Fig. S2, lanes
4–9). In contrast, single-point mutations in the final C-ter-
minal β-strand (K120A and N124A) did not affect cleavage
activity (lanes 16–17). Addition of the Rpa12.2 C-terminal
domain including a part of the linker resulted in inefficient
RNA cleavage (Fig. 2D, lanes 13 and 14). Transcripts were
shortened not by four but by two nucleotides, and cleavage
occurred only with an excess of the truncated subunit. This
suggested that proper binding of the C-terminal Rpa12.2
domain to the core enzyme through the N terminus is
important for efficient backtracking and cleavage. Increasing
the concentration of the Rpa12.2 C terminus did not improve
the cleavage activity (Fig. S2, lanes 10–17). Furthermore, the C
and N terminus must be covalently linked since a combination
of the individual domains did not further increase cleavage
(Fig. 2E, lanes 1–4). Thus, the N-terminal region might help to
position the C-terminal domain correctly in the active site of
Pol I. Furthermore, the exchange of a serine at position 59 in
the linker region—a target for phosphorylation in vivo
(38)—with alanine (S59A) did not affect the cleavage reaction
(Fig. 2D, lane 15).

In summary, our data underline the requirement of the
evolutionary conserved Rpa12.2 C-terminal domain for the
cleavage reaction and suggest that it requires the N-terminal
lobe-binding domain to support efficient Pol I backtracking
and cleavage.
reaction. E, efficient cleavage depends on the covalently linked N-terminal an
Rpa12.2 domains were added to Pol I ΔRpa12, to see whether both doma
Preferentially dinucleotides are removed in the absence of covalent linkages.
The impact of the mismatched RNA 30overhang and the
influence of Rpa12.2 domains on backtracking, cleavage, and
RNA re-extension

Using the RNA–DNA hybrid scaffold with three mis-
matched nucleotides at the RNA 30end as an artificial substrate
to analyze RNA cleavage by Pol I WT predominantly yielded a
four-nucleotide shorter RNA (e.g., Fig. 2B, lane 7, Fig. 2C, lane
2, and Fig. 2D, lane 2). We next investigated if and how shorter
30RNA mismatches might influence Pol I backtracking and
cleavage. Cleavage reactions were performed using RNA–
DNA scaffolds, which contained one, two, or three
mismatched nucleotides at the RNA 30end (Fig. 3A, clv1, clv2,
and clv3). In addition, analogous scaffolds containing a pseudo
transcription bubble were used to better reflect the in vivo
situation (Fig. 3A, clv1 bu, clv2 bu, and clv3 bu). Cleavage
efficiencies varied slightly between reactions using scaffolds
with or without the pseudo transcription bubble (Figs. 3 and
4). Although no significant differences in the overall cleavage
pattern were obtained, cleavage within the pseudo transcrip-
tion bubble templates appeared to be generally less efficient. In
general, Pol I WT cleaved dinucleotides until the mismatched
nucleotide were removed. From a three-nucleotide mismatch
scaffold, two and predominantly four nucleotides were
removed (Fig. 3B, lanes 7 and 8), whereas from a two-and one-
nucleotide mismatch scaffold, mainly two nucleotides were
removed (Fig. 3B, lanes 9–12). Thus, cleavage occurs mainly in
steps of dinucleotides until a correct 30 RNA–DNA hybrid pair
resides within the active center of the enzyme. Addition of
recombinant Rpa12.2 to Pol I ΔRpa12 to the different
RNA–DNA hybrid scaffolds resulted in a similar cleavage
pattern as observed with Pol I WT (Fig. 3C lanes 7–12) con-
firming that addition of Rpa12.2 to Pol I ΔRpa12 lacking all
lobe-binding subunits is sufficient for cleavage and
backtracking.

Restarting transcription requires realigning the 30 end of the
RNA with the active site. To show that addition of Rpa12.2 to
Pol I ΔRpa12 was also sufficient to re-extend shortened RNAs,
NTPs were added after the cleavage reaction (Fig. 3C, lanes
13–18). In all reactions, fully extended transcripts
(position +16) were barely detected. Instead, RNAs were re-
extended at least up to position +6 from the “clv” templates,
whereas RNAs from the “clv bu” templates were predomi-
nantly extended to position +7. Preferred targets of re-
extension were RNAs cleaved at position 0 in reactions
when the scaffolds clv3, clv3 bu and clv1 and clv1 bu were used
(Fig. 3C, compare lanes 7, 8, 11, and 12 with lanes 13, 14, 17,
and 18, respectively) and RNAs cleaved at position +1 when
clv2 and clv2 bu were used (Fig. 3C, compare lanes 9 and 10
with lanes 15 and 16). Further shortened RNAs (position −4,
compare lanes 13, 17, and 18 with lanes 7, 11, and 12) or
shortened RNAs, which still contained a mismatched nucleo-
tide (position +2, compare lanes 13 and 14 with lanes 7 and 8)
d C-terminal Rpa12.2 domains. Combinations of N-terminal and C-terminal
ins can support backtracking/cleavage reactions without physical linkage.
Pol I, polymerase I; TEMED, N, N, N’, N’-tetramethylethylenediamine.

J. Biol. Chem. (2022) 298(5) 101862 5
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Figure 3. RNAs containing one, two, or three terminal mismatched nucleotides in RNA–DNA hybrid scaffolds are shortened in the presence of
Rpa12.2 by dinucleotides and can be extended after cleavage. A, RNA–DNA hybrid scaffolds used for the cleavage and re-extension assays. Cleavage
sites are indicated. The scaffolds differ in the length of the mismatched 30RNA overhang and/or the presence of a pseudo transcription bubble. B, RNAs in
the different RNA–DNA hybrid scaffolds are preferentially shortened by two (+2), four (0), or eight (−4) nucleotides when incubated with Pol I WT. The
positions of the cleavage sites are related to the terminal hybrid base pair in the nucleotide insertion site (position 0). RNA–DNA scaffolds were incubated
with 0.2 pmol Pol I WT for 10 min on ice. The cleavage reaction was performed at 28 �C for 30 min, and fluorescent transcripts were analyzed on a 20%
denaturing polyacrylamide gel (20% [v/v] acrylamide/bisacrylamide [19:1], 6 M urea, 0.1% [v/v] TEMED, and 0.1% [w/v] ammonium persulfate). C, adding of
recombinant Rpa12.2 to Pol I lacking all lobe-binding subunits is sufficient for the dinucleotide-cleavage reaction and to restart elongation. RNA–DNA
scaffolds were incubated with 0.2 pmol Pol I ΔRpa12 I in the presence of 2 pmol Rpa12FL for 10 min on ice. The cleavage reaction was performed at
28 �C for 30 min. Indicated samples were supplemented with NTPs (final concentration: 200 μM) after the cleavage reaction and incubated at 28 �C for
30 min to analyze extension of cleaved RNAs (lanes 13–18). Note that preferentially RNAs at position 0 (scaffolds clv3, clv3 bu and clv1 and clv1 bu) and
position +1 (clv2 and clv2 bu) were extended. D, addition of 20 pmol recombinant mutant Rpa12(66–125) to Pol I ΔRpa12 restarted elongation from cleaved
RNAs although they were shortened only by two nucleotides. Procedure according to Figure 2C. Pol I, polymerase I; TEMED, N, N, N’,
N’-tetramethylethylenediamine.

RNA polymerase I and transcription fidelity
were less appropriate substrates for extension. As observed
before (Fig. 2, D and E), when N-terminal truncated Rpa12.2
(Rpa12 [66–125]) was added to Pol I ΔRpa12, the template
“clv3” and also “clv3 bu” were only shortened by two
6 J. Biol. Chem. (2022) 298(5) 101862
nucleotides (position +2, Fig. 3D, lanes 7 and 8). Although
these RNAs obviously contained an incorrect hybrid base pair,
they could be extended (Fig. 3D, compare lanes 7 and 8 with
lanes 13 and 14). Similar observations were made with the
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Figure 4. In the absence of the cleavage reactions, a small fraction of RNAs with one or two mismatches at the 30end can be elongated. A, Pol I
lacking all lobe-binding subunits can elongate RNAs, which have one or two but not three nucleotides mismatch on the 30end of the RNA–DNA hybrid.
Cleavage reactions were performed as described for Figure 2, B and C. B, Pol I lacking the Rpa12.2 C terminus but containing the heterodimer can elongate
RNAs, which have one or two but not three nucleotides mismatch on the 30end of the RNA–DNA hybrid. Reactions were performed as described for
Figure 2, B and C, but in the presence of 0.2 pmol Pol I Rpa12ΔC. Pol I, polymerase I.

RNA polymerase I and transcription fidelity
“clv1,2” and “clv1,2 bu” templates, where cleavage was rela-
tively inefficient while a substantial fraction of RNAs could be
extended (Fig. 3D, compare lanes 9–12 with lanes 15–18). This
indicates that Pol I ΔRpa12 containing truncated (or lacking)
Rpa12.2 tolerates RNA–DNA mismatches as substrates for
elongation.

Pol I without cleavage activity extends RNA–DNA hybrids
containing one and two but not three mismatches at the 30

RNA end

Based on the aforementioned observations, we investigated
if mutant Pol I enzymes lacking cleavage and backtracking
activity could extend mismatched RNA–DNA hybrids. The
scaffolds clv1–3 with and without pseudo transcription bubble
were incubated and re-extended in the presence of NTPs with
Pol I ΔRpa12, Pol I Rpa12ΔC, or Pol I ΔRpa12 supplemented
with cleavage-inactive Rpa12.2 DE/AA mutant (Figs. 4 and S3).
As expected, none of the Pol I mutants was able to significantly
remove nucleotides from RNA–DNA hybrids containing three
terminal base mismatches (Figs. 3 and S3, lanes 7–12,
respectively). However, after addition of NTPs, extended
RNAs could be observed with scaffolds containing one or two
mismatched hybrid bases at the RNA 30end. This suggested
that Pol I lacking cleavage activity can tolerate templates with
one or two incorrect hybrid base pairs as substrates for elon-
gation under the used experimental conditions.

The role of the heterodimer Rpa34.5/49 for Pol I cleavage

It was previously suggested that the dimerization module of
the heterodimer Rpa34.5/49 supports RNA cleavage (4). On
the other hand, cleavage activity was well detectable in Pol I
preparations lacking the heterodimer (11). Using the recon-
stituted Pol I system, we reanalyzed the role of Rpa34.5/49 as
well as individual domains of the proteins to support cleavage
by Pol I ΔRpa12 complemented with recombinant full-length
Rpa12.2 or distinct domains. To this end, Rpa34.5/49 as well
as individual domains of the proteins were recombinantly
expressed in Escherichia coli and purified (Figs. 1B and S1C).
Specifically, reconstitution experiments were performed using
the complete heterodimer (Rpa34.5/49), the dimerization
module including Rpa34.5 and the N-terminal domain of
Rpa49 with the linker (Rpa34.5/49NTL), the dimerization
module including Rpa34.5 and the N-terminal domain of
Rpa49 without the linker (Rpa34.5/49NT), and the C-terminal
domain of RPA49 with the linker (Rpa49LCT) and without the
linker (Rpa49CT). In combination with Pol I ΔRpa12 lacking
all lobe-binding subunits, neither the heterodimer nor the
individual domains of the heterodimer supported Pol I cleav-
age (Fig. 5A, lanes 8–11). However, both the complete heter-
odimer and the dimerization module including the linker
increased cleavage by Pol I ΔRpa12 complemented with
Rpa12.2, whereas addition of the C-terminal domain of Rpa49
did not have a significant effect (Fig. 5A, compare lanes 4 and 6
with lanes 3, 5, and 7 and quantification aside) (see also Fig. S5,
A and B). Interestingly, both heterodimer and dimerization
module including the linker, but not the C-terminal part of
Rpa49 or the dimerization module without the linker, stimu-
lated the removal of further four nucleotides to position −4
(Fig. 5A, lanes 4–7 and quantification aside) (Fig. S5). Both
increased cleavage activity and removal of further four nu-
cleotides were dependent on the duration of the cleavage re-
action and on the concentration of the heterodimer or the
dimerization module (Fig. S5, A and B). Addition of the het-
erodimer stimulated neither cleavage nor backtracking if the
N-terminal or C-terminal domain of Rpa12.2 was absent or
inactive (Fig. 5B, compare lanes 5–9 with lanes 11–15). Even
in the presence of the Rpa12.2 N terminus (residues 1–69 and
1–85) including the linker that should bind the heterodimer or
the Rpa12.2 C terminus (residues 66–125 and 69–125)
including the part of the linker interacting with Rpa34.5/49,
the heterodimer was not able to support cleavage (Fig. 5B,
compare lanes 11 and 12 with lanes 5 and 6; lanes 13 and 14
with lanes 7 and 8). In summary, RNA cleavage was strictly
dependent on the presence of the structured C-ribbon of
J. Biol. Chem. (2022) 298(5) 101862 7
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B

Figure 5. The heterodimer Rpa34.5/49 and the dimerization domain Rpa34.5/49NTL reinforces RNA cleavage only if full-length Rpa12.2 is present.
A, 0.2 pmol Pol I ΔRpa12 was complemented with 2 pmol full-length Rpa12.2 (Rpa12FL) (lanes 3–7) or without Rpa12.2 (lanes 8–11). About 2 pmol
recombinant heterodimer (Rpa34.5/49) (lanes 4 and 8), 2 pmol dimerization domain without linker (Rpa34.5/49NT) (lanes 5 and 9), 2 pmol dimerization
domain with linker (Rpa34.5/49NTL) (lanes 6 and 10), or 2 pmol C-terminal Rpa49 domain including linker (Rpa49LCT) (lanes 7 and 11) were added and
analyzed in cleavage reactions using scaffold template clv3. In the absence of Rpa12FL, no heterodimer variant could support cleavage. Note that addition
of both the complete heterodimer and the dimerization domain including the linker supported longer backtracks, which are visualized by an increasing
amount of −4 RNAs. Quantitation of cleavage efficiency (+4 RNA) and the accumulation of −4 RNA from two independent assays is depicted on the right.
Values are indicated as percentage of +4 RNA after incubation of scaffold template clv3 with Pol I ΔRpa12. B, deep backtracking and cleavage depend on
the covalently linked two Rpa12.2 domains and on the heterodimer. Cleavage reactions were performed as described for Figure 1D with 0.4 pmol Pol I
ΔRpa12, 4 pmol Rpa12FL, or 4 pmol of Rpa12.2 with C-terminal truncations (1–69, 1–85, 1–112, 1–119), 40 pmol Rpa12.2 N-terminal truncations (66–125,
69–125), 4 pmol Rpa12.2 variant (DE/AA), and 0.1 pmol of the template clv3. In lanes 10 to 15, heterodimer was added to Pol I ΔRpa12 in the presence of
full-length Rpa12.2 (Rpa12FL) or of its N-terminal or C-terminal truncated variants. Note: only full-length Rpa12.2 together with the heterodimer was able to
support strong cleavage and long backtracks. Pol I, polymerase I.
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Rpa12.2. The Rpa12.2 N terminus including the linker stim-
ulated backtracking and cleavage. The presence of the
dimerization module further increased cleavage and back-
tracking, whereas the C-terminal part of Rpa49 was dispens-
able for this effect. This suggests that the interaction of
domains of Rpa12.2 and Rpa34.5/49, which physically asso-
ciate with the Pol I lobe structure, contributes to backtracking
and cleavage mediated by the Rpa12.2 C-ribbon.
8 J. Biol. Chem. (2022) 298(5) 101862
The role of the Rpa12.2 subunit in RNA proofreading
For Pol II, it was reported that RNA cleavage in response to

nucleotide misincorporation is important to maintain
transcription fidelity (for review, see Refs. (29, 39)). It can be
anticipated that the same may hold true for Pol I. Thus, we
tested the individual roles of different Rpa12.2 domains as well
as of the heterodimer to support the correct addition of
nucleotides. Single nucleotides were added to RNA–DNA
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hybrid scaffolds with (extP) or without pseudo transcription
bubble (ext1) (Fig. 6A) in the presence of Pol I WT or Pol I
mutants. In these templates, the first two nucleotides to be
incorporated were GTP and UTP. Stepwise elongation of
A

B

D

C

Figure 6. Pol I lacking Rpa12.2 domains exhibits NTP promiscuity. A, RNA–
the heterodimer incorporate predominantly matching nucleotides in contrast
ΔRpa49, 0.2 pmol Pol I ΔRpa12, and 0.2 pmol Pol I Rpa12ΔC were incubate
nucleotides (200 μmol) were added, and samples were incubated at 28 �C f
denaturing polyacrylamide gel (20% [v/v] acrylamide/bisacrylamide [19:1], 6 M
extensions are indicated at the right. Pol I ΔRpa12 and Pol I Rpa12ΔC incorporat
Pol I complemented with Rpa12 DE/AA incorporate wrong nucleotides. Reaction
0.2 pmol Pol I WT (lanes 17–19), 0.2 pmol Pol I ΔRpa12 (lanes 2–4), and 0.2
40 pmol Rpa12(66–125) (lanes 11–13), and 40 pmol Rpa12(69–125) (lanes 14–1
ATP. D, the lacking parts of Pol I of the C-terminal domain of Rpa12.2 incorp
0.066 pmol extension template ext1, 0.2 pmol Pol I Rpa12ΔC (lanes 17–19), 0.
2 pmol Rpa12 (1–69) (lanes 5–7), 2 pmol Rpa12 (1–85) (lanes 8–10), 2 pmol Rpa1
third nucleotide to be incorporated should be CTP and not ATP. Pol I, polyme
transcripts was monitored (Fig. 6, B–D). No significant
differences were observed using scaffolds with or without
pseudo transcription bubble. Addition of GTP and GTP/UTP
to Pol I WT and scaffold extP resulted in extension of one or
DNA scaffolds used for misincorporation assays. B, Pol I WT and Pol I lacking
to Pol I without cleaving activity. About 0.2 pmol Pol I WT, 0.2 pmol Pol I
d with 0.066 pmol RNA–DNA scaffold extP for 20 min on ice. Mixtures of
or 30 min as indicated and resulting transcripts were analyzed on a 20%
urea, 0.1% [v/v] TEMED, and 0.1% [w/v] ammonium persulfate). Expected

ed wrong nucleotides. C, Pol I lacking the N-terminal domain of Rpa12.2 and
s were performed as for Figure 5B with 0.066 pmol extension template ext1,
pmol Pol I ΔRpa12 supplemented with 2 pmol Rpa12(DE/AA) (lanes 8–10),
6). Note that the third nucleotide to be incorporated should be CTP and not
orate wrong nucleotides. Reactions were performed as for Figure 5B with
2 pmol Pol I ΔRpa12 (lanes 2–4), 0.2 pmol Pol I ΔRpa12 supplemented with
2 (1–112) (lanes 11–13), or 2 pmol Rpa12 (1–119) (lanes 14–16). Note that the
rase I; TEMED, N, N, N’, N’-tetramethylethylenediamine.
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two nucleotides, respectively, with no evidence for nucleotide
misincorporation (Fig. 6B, lanes 2–4). The same was observed
for Pol I ΔRpa49 (Fig. 6B, lanes 5–7). In contrast, Pol I ΔRpa12
and Pol I Rpa12ΔC did not precisely stop after incorporation
of GTP (Fig. 6B, lanes 9 and 12) or GTP/UTP (lanes 10 and
13). This suggests that in these Pol I mutants, either the lack of
cleavage activity to remove erroneously added NTPs or an
altered NTP specificity results in the misincorporation of nu-
cleotides. We also investigated if the misincorporation of
NTPs might depend on the sequence of the DNA template. Pol
I ΔRpa12 and Pol I Rpa12ΔC did also not stop precisely using
template ext2 or ext3 in which the first three nucleotides to be
incorporated were CTP/ATP/UTP and UTP/GTP/CTP,
A

B

Figure 7. The Pol II elongation factor TFIIS resembles Rpa12.2 function in
purified Pol II incorporates wrong nucleotides, which can be revised upon ad
Figure 6B with 0.066 pmol extension template ext1, 0.2 pmol Pol I WT (lane
recombinant TFIIS. B, the C-terminal part of Rpa12.2 can enhance Pol II-depend
reactions. About 2 pmol full-length Rpa12.2 (lane 4), 540 pmol Rpa12 (66–125
0.2 pmol Pol II (lanes 8–11) and analyzed for RNA cleavage. DNA–RNA scaffol
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respectively (Fig. S6, A and B). Addition of recombinant
Rpa12.2 to Pol I ΔRpa12 was sufficient to prevent significant
nucleotide misincorporation (Fig. 6C, compare lanes 5–7 with
lanes 2–4). In contrast addition of either N-terminal (Fig. 6D,
lanes 5–16) or C-terminal truncated (Fig. 6C, lanes 11–16)
Rpa12.2 variants or the mutant Rpa12 DE/AA (Fig. 6C, lanes
8–10) revealed NTP misincorporation. This suggests that the
addition of the complete Rpa12.2 subunit, but neither of the
C-terminal domain nor of the N-terminal domain alone, is
sufficient for correct NTP addition. In analogy, purified Pol II
(36), which lacks the RNA cleavage supporting activity of
TFIIS, was also not precise in the extension assay (Fig. 7A
compare lanes 8–11 with lanes 2–5) (Fig. S7, A and B)
the NTP extension and RNA cleavage assays. A, in contrast to Pol I WT,
dition of the Pol II elongation factor TFIIS. Reactions were performed as for
s 2–6), 0.2 pmol Pol II (lanes 8–12), and 0.2 pmol Pol II including 0.2 pmol
ent cleavage reactions, but TFIIS shows no effect in Pol I ΔRpa12-dependent
), or 4 pmol TFIIS was added to either 0.2 pmol Pol I ΔRpa12 (lanes 4–6) or
d clv3 was used as template. Pol I, polymerase I.
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confirming previous reports that Pol II without TFIIS leads to
NTP misincorporation (40, 41). As expected, addition of
recombinant TFIIS to Pol II improved significantly transcrip-
tion fidelity (Fig. 7A, compare lanes 14 to 16 with lanes 1–9).

The C-terminal domain of Rpa12.2 stimulates Pol II-dependent
RNA cleavage

To find out whether the cleaving supporting subunit
Rpa12.2 and transcription factor TFIIS can substitute each
other in RNA cleavage, swap experiments with purified Pol II
and Pol I ΔRpa12 were performed. Both full-length Rpa12.2
and its C-terminal domain clearly stimulated Pol II RNA
cleavage (Fig. 7B, compare lanes 9 and 10 with lane 8, and
Fig. S7C, compare lanes 9 and 10 with lane 8). Whereas TFIIS
removed up to eight nucleotides from the DNA–RNA hybrid,
both Rpa12.2 and its C-terminal domain enhanced only
removal of two nucleotides from the 4 bp overhang. On the
other hand, TFIIS was not able to support RNA cleavage of Pol
I ΔRpa12 (Fig. 7B, compare lane 6 with lanes 4 and 5,
Fig. S7B). Simple explanations for these effects are that the
N-terminal domains of RPA12.2 and TFIIS are structurally too
different that Rpa12.2 can fully complement for TFIIS and that
the active center of Pol I is structurally not compatible with
TFIIS-mediated cleavage.

Misincorporation of nucleotides by Pol I Rpa12.2 mutants is
rather because of impaired cleavage activity than to altered
NTP specificity

Time-course experiments with extension scaffold ext1 were
performed to distinguish whether NTP misincorporation by
Rpa12.2 mutants was due to impaired cleavage activity or
altered NTP specificity (Fig. 8). Incubation of both Pol I WT
and all analyzed Pol I mutants with the matching nucleotide
GTP resulted in addition of one nucleotide (+1) within 1 min
(Fig. 8B). In reactions with Pol I WT, Pol I ΔRpa49, and Pol I
ΔRpa12 supplemented with recombinant Rpa12.2, a truncated
RNA appeared after 5 min, which was one nucleotide shorter
(−1) than the original RNA suggesting that these enzymes
started to remove nucleotides because of their cleavage activ-
ity. In contrast, all enzymes with mutated Rpa12.2 removed no
nucleotides but added a second nonmatching nucleotide
starting after 5 min of incubation. A straightforward expla-
nation is that Pols without cleavage activity can escape their
arrested (probably backtracked) state and incorporate an
additional mismatching nucleotide. Incubation of all Pol I
enzymes with the mismatching ATP resulted in incorporation
of one additional nucleotide, however, apparently with
different efficiency (Fig. 8C). Whereas enzymes without
cleavage activity incorporate a second mismatching nucleotide
after 5 min of incubation, Rpa12.2 containing enzymes remove
nucleotides within the same time frame. To better distinguish
how Pol I WT and Pol I Rpa12 mutants deal with matching
and mismatching nucleotides in the herein analyzed time
frame, time-course experiments of a matching (first, GTP) and
a mismatching (second, ATP) nucleotide were performed
(Fig. 8D). All enzymes add the matching GTP at the +1
position and certain amounts of the mismatching ATP at
the +2 position. However, Pol I enzymes without cleavage
activity significantly misincorporate ATP at the second posi-
tion, whereas enzymes containing cleavage activity mis-
incorporate only a minor amount of ATP but generate cleaved
RNA substrates within the same time frame (compare Fig. 8D,
lanes 7–9 and 15–17 with lanes 3–5 and 11–13; see quanti-
tations aside). Apparently, Pol I with cleavage activity keeps a
balance between NMP removal and NTP incorporation until
the correct nucleotide is offered. If an incorrect nucleotide was
added, the cleavage reaction is faster than the addition of a
further nucleotide. In contrast, cleavage-deficient enzymes can
escape this proofreading process and stably incorporate non-
matching nucleotides.

Discussion

Nuclear RNA Pols need RNA-synthesizing and
RNA-hydrolyzing activities to transcribe efficiently and faith-
fully their target genes. Transcript cleavage in response to
nucleotide misincorporation is considered to play an impor-
tant role in proofreading. Goal of this study was to find out
how the domains of the lobe-binding subunits of Pol I
participate in RNA cleavage and contribute to transcription
fidelity. An overview of the obtained data is summarized in
Figure 9.

The role of lobe-binding subunit domains in RNA cleavage
and Pol I backtracking

The C terminus of Rpa12.2 resembles the C-ribbon domain
of the Pol II transcription factor TFIIS and contains the two
conserved amino acids Asp105 and Glu106, the TFIIS coun-
terparts of which (Asp290 and Glu291) probably support RNA
hydrolysis by positioning a metal ion and water in the active
center of Pol II (42). As anticipated, both exchange of the two
amino acids to alanine and deletion of the complete C-ribbon
domain abolished RNA hydrolysis confirming the crucial role
of both acidic amino acids for RNA cleavage. Exchange of the
amino acids K120 and N124 to alanine at the very C-terminal
tip of Rpa12.2 did not influence cleavage activity. In contrast,
deletion of the last six amino acids, which represent the ter-
minal β-strand of the C-ribbon, resulted in impairment of
RNA hydrolysis, which indicates the importance of the 3D
structure of the C-ribbon for cleavage. During initiation and
elongation, the C-ribbon of Rpa12.2 is not positioned in the
active Pol I site (17, 18) but detached from the surface of Pol I
probably because of steric clashes provoked by the complete
closure of the cleft (19, 20). According to these structural data,
conformational changes including reopening of the cleft are
required to insert the C-ribbon back into the active site for
cleavage. It is possible that a complete and space-filling
C-ribbon is required to either structurally reorganize or sta-
bilize the active center of Pol I and to allow the correct posi-
tioning of the metal ion for RNA hydrolysis. This resembles
Pol II-dependent RNA cleavage, where a conformational
change in Pol II upon TFIIS binding was proposed by func-
tional and structural studies (15, 43).

The C-terminal part of Rpa12.2 was not sufficient for
efficient RNA cleavage and needed a covalent connection to
J. Biol. Chem. (2022) 298(5) 101862 11
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Figure 8. Time course of NTP addition using matching and nonmatching nucleotides and Pol I enzymes with and without cleavage activity.
A, upper panel, RNA–DNA scaffold used for misincorporation assays (ext1). B, Pol I enzymes containing cleavage activity incorporate and remove matching
nucleotides during longer incubation times, whereas Pol I Rpa12 mutants add also mismatching nucleotides. About 0.2 pmol Pol I WT, 0.2 pmol Pol I
ΔRpa49, 0.2 pmol Pol I ΔRpa12, 0.2 pmol Pol I Rpa12ΔC, and 0.2 pmol Pol I ΔRpa12 supplemented with 2 pmol Rpa12FL, 2 pmol Rpa12 (1–69), or 40 pmol
Rpa12 (69–125) were incubated with RNA–DNA scaffold ext1 for 20 min on ice. GTP (final concentration: 200 μmol) was added for the indicated time points.
The resulting transcripts were analyzed on a 20% denaturing polyacrylamide gel (20% [v/v] acrylamide/bisacrylamide [19:1], 6 M urea, 0.1% [v/v] TEMED,
and 0.1% [w/v] ammonium persulfate). C, incorporation kinetics of a mismatching nucleotide by Pol I enzymes with and without cleavage activity. Same
experiment as for (B), but with 200 μmol ATP instead of GTP. Note that Pol I enzymes incorporate in general ATP less efficiently than GTP. Pol I enzymes

RNA polymerase I and transcription fidelity

12 J. Biol. Chem. (2022) 298(5) 101862



Figure 9. Summary of how lobe-binding domains contribute to RNA cleavage, cleavage efficiency, proofreading, and extension of mismatched
DNA–RNA hybrids. n.d., not determined.

RNA polymerase I and transcription fidelity
the lobe-binding N-terminal ribbon domain of Rpa12.2. The
absence of the N-terminal ribbon or its physical separation
from the C-terminal part led to weaker cleavage efficiency and
apparently a shallow backtracking, which allowed only the
removal of two nucleotides. In TFIIS, the linker region is
important for opening the crevice in the Pol II funnel and
thereby responsible for major structural changes in Pol II (15).
Shortening the TFIIS linker length and isolated TFIIS domains
II and III abolish TFIIS function (31), but influence of the
linker region on the backtracking depth was not yet reported.
If backtracking is not deep enough, the 30end of the transcript
without RNA cleavage activity misincorporate a second ATP, whereas enzyme
nucleotide and its cleaved substrate. D, time-course experiment of a matching
for (B), but with 200 μmol GTP and 200 μmol ATP. Pol I enzymes without clea
containing cleavage activity misincorporate a minor amount of ATP but genera
is shown in the graphic representations. Pol I, polymerase I; TEMED, N, N, N’,
cannot be realigned to the active Pol I site. This was the case if
three mismatched RNA nucleotides were at the 30end of the
transcript and the Rpa12.2 N-terminal domain was separated
from the C-terminal part. Consequently, an incorrect
RNA–DNA hybrid pair remained, which causes a transcription
error if elongation proceeds. Indeed error-prone transcription
was significantly increased in the absence of the N-terminal
Rpa12.2 domain.

The N-terminal ribbon of Rpa12.2 is homologous to the
N-terminal ribbon of the Pol II lobe-binding subunit Rpb9
(12). This Pol II subunit was suggested to stimulate the
s with cleavage activity end up with an equilibrium of one (wrongly) added
(first, GTP) and a mismatching (second, ATP) nucleotide. Same experiment as
vage activity misincorporate ATP at the second position, whereas enzymes
te distinct cleaved substrates. Quantitation of two independent experiments
N’-tetramethylethylenediamine.
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cleavage reaction by enhancing the response of Pol II to TFIIS
(31, 44). Rpb9 is important for transcriptional fidelity in vivo
(32) and in vitro (31). Rpb9 is involved in accurate Pol II start
site selection (45) and regulates elongation (46). Apparently,
the N-terminal Rpa12.2 ribbon domain adopts at least some of
the Rpb9 functions for Pol I transcription indicating that
proper assembly of lobe-binding subunits contributes in gen-
eral to efficient transcription elongation.

The other Pol I lobe-binding subunits, Rpa34.5/49, were
also suggested to function in RNA cleavage (4, 11). According
to our reconstituted transcription system, the heterodimer can
only contribute to RNA hydrolysis if Rpa12.2 is complete and
functional. In particular, the Rpa49 dimerization domain
including the linker, but neither the dimerization domain
lacking the linker nor the isolated tandem winged helix
domain, increased cleavage efficiency and backtrack depth in
the presence of full-length Rpa12.2. Cleavage and backtracking
stimulation was not obtained if the N-terminal ribbon of
Rpa12.2 was absent. An ordered Rpa49 linker structure
correlates with cleft contraction (47). It is possible that the
linker fused to the dimerization domain is bridging the Pol I
cleft, which leads to its partly constriction. Together with the
N-terminal domain of Rpa12.2, this assembly could be the
prerequisite to stimulate deep backtracking and efficient RNA
cleavage mediated by the Rpa12.2 C-ribbon.

The role of lobe-binding subunit domains in resumption of
elongation and proofreading

RNA Pols are frequently paused during elongation, which
results either in forward transcription or stable arrest (48).
Incorporation of wrong nucleotides slows down elongation,
which apparently promotes pausing (40, 41, 49, 50). According
to Pol II-dependent transcription, mismatched 30-RNA termini
of the herein used RNA–DNA scaffolds should cause a
distortion in the RNA–DNA duplex and either adopt a frayed
state or promote backtracking of the enzyme (50–52). The
enzymes can overcome the arrest and restart transcription
either by reversion of the backtracked state or RNA cleavage,
which relocates the 30end of the RNA at the active site. In
principal, the choice of backtrack recovery mechanism is
determined by a kinetic competition between 1D diffusion and
RNA cleavage (14).

The RNA–DNA scaffolds for the herein used cleavage assays
had mismatched RNA–DNA hybrids of different length and
require backtracking and removal of either one (clv1 and clv2) or
twodinucleotides (clv3) to relocate the active sitewith amatching
base pair. Pol IWT and Pol IΔRpa12 substituted with full-length
Rpa12.2 were able to resume elongation after the cleavage reac-
tion. Since RNA cleavage was described as a stochastic resetting
process of backtracked Pols (53), backtracking in combination
with cleavage and reactivation probably dominated the 1D
diffusionkinetics resulting inanerror-free transcript. In cleavage-
deficient Pol I mutants, the backtracked state apparently could
not be resolved by removal of nucleotides. Therefore, 1D diffu-
sion kinetics might become more pronounced and a small frac-
tion of transcripts with one or two RNA–DNA base mismatches
could escape the backtracked state and was extended over time.
14 J. Biol. Chem. (2022) 298(5) 101862
However, more than two mismatched RNA–DNA nucleotides
were not tolerated by the 1D diffusion mechanism. Interestingly,
N-terminal truncated Rpa12.2 mutants shortened RNAs with
three terminal mismatched RNA–DNA nucleotides only by
two nucleotides resulting in one terminal mismatched
RNA–DNA hybrid. Apparently, the remaining single unpaired
nucleotide was tolerated, and elongation could be reactivated by
1D diffusion.

Proper backtracking and RNA cleavage serve also as editing
function if a wrong nucleotide was incorporated in the nascent
Pol II-transcribed RNA chain (reviewed in Refs. (29, 30)).
However, in principle, NTP promiscuity in mutant enzymes
can be evoked either by deficient cleavage properties or by
different NTP selectivity and/or incorporation kinetics. In fact,
it was suggested that in addition to RNA cleavage, subunit
Rpa12.2 affects the kinetics and energetics of nucleotide
incorporation (33), destabilizes elongation complexes (24), and
that its N terminus contributes to core transcription elonga-
tion properties rather than stimulating cleavage activity (26).
Accordingly, Rpa12.2 domains might contribute differently to
transcription fidelity and chain elongation. In our experi-
mental setup, misincorporated nucleotides by all analyzed
Rpa12.2 mutants were observed after several minutes of
incorporation times, which were slower than RNA cleavage
reactions mediated by Pol I WT. In contrast, nucleotide
addition rate constants of Pol I WT and Pol I ΔRpa12 were in
the range of milliseconds (33, 37) although the polymerization
mechanism was affected in Rpa12.2-depleted Pol I (33). RNA
cleavage reactions were in the same time span though slightly
delayed (37). In consideration of the much longer time scale in
the herein presented extension assays, our data support the
explanation that NTP promiscuity of Rpa12.2 mutants is due
to their missing proofreading, which is caused by inefficient
RNA cleavage.

Certainly, Rpa12.2 domains might contribute differently to
elongation properties. The C terminus stimulates RNA cleav-
age, whereas the N terminus might modulate elongation
including acceleration of nucleotide incorporation and support
of backtracking which, in turn, influences RNA cleavage.
Future structural analyses are necessary to clarify the specific
Rpa12.2 functions.

Although the Rpa34.5/49 heterodimer was involved in effi-
ciency of backtracking and cleavage, it seemed not to influence
resumptionof elongation andproofreadingunder thehereinused
conditions. It was previously shown that the heterodimer sup-
ports transcription elongation in vivo and in vitro (4, 11, 18, 35). It
is possible that the heterodimer supports elongation in a phase of
the transcription process, which is not covered by the experi-
mental setup in the present study. This is presently under
investigation. Pausing, backtracking, RNA cleavage, and
resumption of elongation are crucial elements for Pol II to pass
through nucleosomes (see for reviews, Refs. (54, 55)). Since RNA
cleavage activity and the presence of the heterodimer were
recently reported to support Pol I passage through nucleosomes
(36), it will be interesting to see how the domains of the
lobe-binding subunits cooperate when Pol I transcribes in the
chromatin context.
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Experimental procedures

Yeast strains, plasmids, and oligonucleotides

Yeast strains, plasmids, and oligonucleotides used in this
study are listed in Tables S1–S3. Molecular biological methods
and transformation of yeast cells were performed according to
standard protocols (56–58). Transcription templates were
generated by PCR using the indicated oligonucleotides and
plasmids. Plasmid sequences are available upon request. To
purify Pol I from yeast, cells were grown at 30

�
C in either yeast

extract–peptone–dextrose (YPD) (2% [w/v] peptone, 1% [w/v]
yeast extract, and 2% [w/v] glucose), in yeast extract–peptone–
galactose (2% [w/v] peptone, 1% [w/v] yeast extract, 2% [w/v]
galactose), in 2× SCG-LEU (1.34% [w/v] YNB + nitrogen,
0.134% [w/v] CSM His-Leu-Trp, 50 μg/ml L-tryptophan,
20 μg/ml L-histidine, 2% [w/v] galactose), or in 2× SCD-LEU
(1.34% [w/v] YNB + nitrogen, 0.134% [w/v] CSM His-Leu-
Trp, 50 μg/ml L-tryptophan, 20 μg/ml L-histidine, and 2%
[w/v] galactose).

Template generation

The minimal transcription templates used in this study are
listed in Table S4. The oligonucleotides for template genera-
tion are listed in Table S1. About 20 μl of the template strand
oligo (100 μM) and 20 μl of the nontemplate strand oligo
(100 μM) were incubated at 95 �C for 5 min. Afterward, the
sample was stepwise cooled to 25 �C in 60 min (ramp rate:
1 �C/s, −1 �C per cycle, 70 cycles per 50 s) resulting in a
preannealed scaffold (50 μM) containing the template and
nontemplate strand oligos. About 10 μl of the preannealed
template and nontemplate strand oligos (50 μM) were incu-
bated with 5 μl 50fluorescently labeled RNA (100 μM) and
35 μl melting point water at 45 �C for 5 min. Then, the sample
was stepwise cooled to 4 �C in 60 min (ramp rate: 1 �C/s,
−1 �C per cycle, 41 cycles per 80 s) resulting in a minimal
transcription cleavage or extension scaffold (10 μM) contain-
ing the template and nontemplate strand oligos and a Cy5-
labeled RNA. The scaffold was diluted to 0.1 μM for
subsequent RNA cleavage or extension assays.

RNA cleavage assay

Unless otherwise stated, 0.2 pmol of Pol was incubated with
0.066 pmol of the respective preannealed minimal transcrip-
tion cleavage scaffold in 1× transcription buffer (20 mM
Hepes/KOH [pH 7.8], 10 mM MgCl2, 5 mM EGTA/KOH [pH
8.0], 5 μMZnCl2, and 100 mM KOAc) at 4 �C for 10 to 20 min.
For RNA cleavage, the samples were incubated at 28 �C for
30 min. The reactions were stopped by addition of an equal
amount of 2× TBE loading dye (8 M urea, 0.08% [w/v]
bromophenol blue, 4 mM EDTA/NaOH [pH 8.0], 178 mM
Tris–HCl, and 178 mM boric acid). For re-extension analysis,
NTPs (final concentration of each nucleotide: 200 μM) were
added, and the samples were incubated for further 30 min at
28 �C. Then, the reactions were stopped by addition of an
equal amount of 2× TBE loading dye. The samples were
incubated at 95 �C for 3 min and then chilled on ice. The
50Cy5-labeled RNA was size-separated on a 20% denaturing
polyacrylamide gel (20% [w/v] acrylamide/bisacrylamide
[19:1], 6 M urea, 0.1% [v/v] N, N, N’, N’-tetramethylethylene-
diamine, 0.1% [w/v] ammonium persulfate, 2 mM EDTA/
NaOH [pH 8.0], 89 mM Tris–HCl, and 89 mM boric acid)
using 1× TBE running buffer (89 mM Tris–HCl, 89 mM boric
acid, and 2 mM EDTA/NaOH [pH 8.0]) and visualized with a
Typhoon imaging system (GE Healthcare).

RNA extension assay

Unless otherwise stated, 0.2 pmol of Pol was incubated with
0.066 pmol of the respective preannealed minimal transcrip-
tion extension scaffold in 1× transcription buffer (20 mM
Hepes/KOH [pH 7.8], 10 mM MgCl2, 5 mM EGTA/KOH [pH
8.0], 5 μMZnCl2, and 100 mM KOAc) at 4 �C for 10 to 20 min.
For RNA extension, NTPs (final concentration of each
nucleotide: 200 μM) were added, and the samples were incu-
bated at 28 �C for 30 min. The reactions were stopped by
addition of an equal amount of 2× TBE loading dye (8 M urea,
0.08% [w/v] bromophenol blue, 4 mM EDTA/NaOH [pH 8.0],
178 mM Tris–HCl, and 178 mM boric acid). The samples were
incubated at 95 �C for 3 min and then chilled on ice. The
50Cy5-labeled RNA was size-separated on a 20% denaturing
polyacrylamide gel (20% [w/v] acrylamide/bisacrylamide
[19:1], 6 M urea, 0.1% [v/v] N, N, N’, N’-tetramethylethylene-
diamine, 0.1% [w/v] ammonium persulfate, 2 mM EDTA/
NaOH [pH 8.0], 89 mM Tris–HCl, and 89 mM boric acid)
using 1× TBE running buffer (89 mM Tris–HCl, 89 mM boric
acid, 2 mM EDTA/NaOH [pH 8.0]) and visualized with a
Typhoon imaging system (GE Healthcare).

Purification of RPA12 variants

The coding sequences of A12.2 and A12.2 variants were
cloned sequentially into vector pOPIN-B, resulting in a human
rhinovirus–cleavable N-terminal hexahistidine tag on A12.2
and A12.2 variants. pOPIN-B was a gift from Ray Owens
(Addgene plasmid #41142; http://n2t.net/addgene:41142;
Research Resource Identifier: Addgene_41142). The resulting
plasmids contain a T7 promotor, a lac operon for induction of
protein expression, a ribosome-binding site to enable bicis-
tronic expression, the coding sequence of a 6×His-tag for
protein purification, the coding sequence of RPA12 variants,
and a T7 terminator sequence, respectively. The plasmids also
possess a kanamycin resistance gene for selection of positive
clones. For the overexpression of the respective target proteins,
the generated plasmids (K2720–2725, K2931–2936; listed in
Table S4) were transformed into chemically competent E. coli
BL21 (DE3) pRARE cells and plated on LB plates supple-
mented with kanamycin (final concentration: 50 μg/ml) and
chloramphenicol (final concentration: 30 μg/ml). About 50 ml
LB medium supplemented with the respective antibiotics was
inoculated with a single clone, and cells were incubated
overnight at 37 �C, shaking at 120 rpm. Next day, 1 l LB
medium supplemented with kanamycin (final concentration:
50 μg/ml) and chloramphenicol (final concentration: 30 μg/ml)
was inoculated with the overnight culture to a final absorbance
of 0.1 at 600 nm. The cells were incubated at 37 �C, shaking at
120 rpm. At absorbance of �1 at 600 nm, the cells were cold
J. Biol. Chem. (2022) 298(5) 101862 15
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shocked for 15 min on ice. The protein expression was
induced by the addition of IPTG (final concentration: 0.1 mM),
and cells were further incubated at 18 �C for 3 h, shaking at
120 rpm. Cells were harvested at 9000g and room temperature
(RT) for 8 min. Cell pellets were resuspended in 20 ml ice-cold
sterile 1× PBS (137 mM NaCl, 2.7 mM KCl, 18 mM KH2PO4,
and 1 mM Na2PO4) and centrifuged at 9000g and 4 �C for
8 min. The pellets were frozen in liquid nitrogen and stored
at −20 �C until usage. The cells were thawed on ice and
resuspended in equal amounts of ice-cold lysis buffer L1 (for
plasmid K2725; 50 mM Hepes/KOH [pH 7.8], 10% [v/v]
glycerol, 10 mM imidazole, 5 mM β-mercaptoethanol, 1 mM
PMSF, 2 mM benzamidine, 10 μM ZnCl2, and 500 mM KCl),
L6 (for plasmids K2721, K2722; 50 mM MES/NaOH [pH 6.0],
10% [v/v] glycerol, 10 mM imidazole, 5 mM β-mercaptoe-
thanol, 1 mM PMSF, 2 mM benzamidine, 10 μM ZnCl2,
500 mM KCl, and 1% [v/v] NP-40) or L0 (for plasmids K2722,
K2723, K2724, K2931–K2936; 50 mM Hepes/KOH [pH 7.0],
10% [v/v] glycerol, 500 mM KCl, 10 mM imidazole, 10 μM
ZnCl2, 5 mM β-mercaptoethanol, 0.5% [v/v] NP-40, 1 mM
PMSF, and 2 mM benzamidine). Then, the cell suspension was
centrifuged at 9000g and 4 �C for 8 min. After discarding the
supernatant, the cells were resuspended in 25 ml lysis buffer.
The cells were lysed by ultrasonication. Therefore, the cells
were lysed for 5 min in a water bath followed by a 5 min pause.
The procedure was repeated twice. Afterward, the lysate was
cleared by centrifugation at 15,000g and 4 �C for 20 min. The
supernatant was centrifuged at 146,500g and 4 �C for 40 min.
Meanwhile, 500 μl TALON Metal Affinity Resin beads
(TaKaRa) were equilibrated with the respective lysis buffer.
Then, the supernatant was incubated with pre-equilibrated
TALON beads for 1 h at 4 �C on a turning wheel. To
remove unbound proteins, the beads were centrifuged at
800 rpm and 4 �C for 2 min, and the supernatant was dis-
carded. The beads were resuspended with 10 ml lysis buffer
and transferred in a polypropylene column resin. Then, the
beads were washed three times with 10 ml wash buffers W1
(for plasmid K2725; 20 mM Hepes/KOH [pH 7.8], 10% [v/v]
glycerol, 20 mM imidazole, 5 mM β-mercaptoethanol, 1 mM
PMSF, 2 mM benzamidine, 10 μM ZnCl2, and 500 mM KCl),
W6 (for plasmids K2721, K2722; 20 mMMES/NaOH [pH 6.0],
10% [v/v] glycerol, 20 mM imidazole, 5 mM β-mercaptoe-
thanol, 1 mM PMSF, 2 mM benzamidine, 10 μM ZnCl2,
500 mM KCl, and 1% [v/v] NP-40) or W0 (for plasmids K2722,
K2723, K2724, K2931–K2936; 20 mM Hepes/KOH [pH 7.0],
10% [v/v] glycerol, 500 mM KCl, 10 mM imidazole, 10 μM
ZnCl2, 5 mM β-mercaptoethanol, 0.5% [v/v] NP-40, 1 mM
PMSF, and 2 mM benzamidine). Then, the recombinant pro-
teins were eluted with 5× 250 μl elution buffer E1 (for plasmid
K2725; 20 mM Hepes/KOH [pH 7.8], 10% [v/v] glycerol,
150 mM imidazole, 5 mM β-mercaptoethanol, 10 μM ZnCl2,
and 500 mM KCl), E6 (20 mMMES/NaOH [pH 6.0], 10% [v/v]
glycerol, 150 mM imidazole, 5 mM β-mercaptoethanol, 10 μM
ZnCl2, 500 mM KCl, and 1% [v/v] NP-40) or E0 (for plasmids
K2722, K2723, K2724, K2931–K2936; 20 mM Hepes/KOH
[pH 7.0], 10% [v/v] glycerol, 500 mM KCl, 150 mM imidazole,
10 μM ZnCl2, 5 mM β-mercaptoethanol, and 0.5% [v/v]
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NP-40). The purified protein fractions were analyzed by
SDS-PAGE and Coomassie staining.

Pol I preparation

Pol I and Pol II were purified according to Ref. (36) with
changes. All RNA Pols were purified from yeast strains
(Table S3) via the protein A affinity tag, which was fused to the
second largest subunit of Pol I (RPA135) or Pol II (RPB2). The
tag and the respective subunit were separated by a tobacco
etch virus (TEV) cleavage site.

The yeast strains Y4094 (WT Pol I), Y2423 (WT Pol I), and
Y2424 (Pol II) were grown in YPD (2% [w/v] peptone, 2% [w/v]
glucose, 1% [w/v] yeast extract) at 30 �C. Precultures of yeast
strains Y4005 (Δ12 Pol I), Y4006 (WT Pol I), and Y4007 (12ΔC
Pol I) were grown in 2× SCG-LEU (1.34% [w/v] YNB + ni-
trogen, 0.134% [w/v] CSM His-Leu-Trp, 2% [w/v] galactose,
50 μg/ml L-tryptophan, and 20 μg/ml L-histidine) at 30 �C. For
depletion of A12.2, the cells were grown 2× SCD-LEU (1.34%
[w/v] YNB + nitrogen, 0.134% [w/v] CSM His-Leu-Trp, 2%
[w/v] glucose, 50 μg/ml L-tryptophan, and 20 μg/ml L-histi-
dine) at 30 �C for 18 h. Precultures of yeast strains Y2670 (Δ49
Pol I) and Y2679 (Δ12 Pol I) were grown in yeast extract–
peptone–galactose (2% [w/v] peptone, 2% [w/v] galactose, and
1% [w/v] yeast extract) at 30 �C. For depletion of A12.2 or A49,
the cells were grown in YPD (2% [w/v] peptone, 2% [w/v]
glucose, and 1% [w/v] yeast extract) at 30 �C for 18 h. The cells
were harvested at 9000g and RT for 8 min. Cells were washed
with ice-cold melting point grade water and centrifuged at
9000g and RT for 8 min. The cell pellets were frozen in liquid
nitrogen and stored at −20 �C until usage. For RNA Pol pu-
rification, the cells were thawed on ice and resuspended in
equal amounts of ice-cold lysis buffer L2 (50 mM Hepes/KOH
[pH 7.8], 20% [v/v] glycerol, 40 mM MgCl2, 400 mM
(NH4)2SO4, 3 mM DTT, 1 mM PMSF, and 2 mM benzami-
dine). The cells were centrifuged at 4500 rpm (Heraeus
Megafuge 16R) and 4 �C for 10 min. The cells were resus-
pended in lysis buffer L2 (1.5 ml per 1 g cells). About 6 ml of
the cell suspension was transferred in a precooled 15 ml
precellys tube (Precellys Lysing kit) filled with 12 g glass beads
(Ø 0.75–1 mm). The cells were lysed with Precellys Evolution
(Bertin Technologies) using 6× pulse at 6000 rpm for 30 s
followed by 30 s pause in between. The process was repeated 2
to 3 times. The cell lysate was transferred in a 50 ml falcon and
centrifuged at 15,000g and 4 �C for 15 min. The supernatant
was ultracentrifuged at 146,500g and 4 �C for 40 min. Mean-
while, magnetic immunoglobulin G affinity beads (1 μl bead
suspension per 2 mg protein) were equilibrated with lysis
buffer L2. Then, the supernatant was incubated with pre-
equilibrated magnetic immunoglobulin G beads for 2 h at 4
�C on a turning wheel. To remove unbound proteins, the
beads were separated via a magnetic separator. The beads were
washed four times with 1 ml wash buffer W2 (20 mM Hepes/
KOH [pH 7.8], 20% [v/v] glycerol, 5 mM MgCl2, 1500 mM
KOAc, and 0.15% [v/v] NP-40) for 10 min at 4 �C on a turning
wheel. Afterward, the beads were equilibrated with elution
buffer E2.1 (for Pol I; 20 mM Hepes/KOH [pH 7.8], 10% [v/v]
glycerol, 5 mM MgCl2, 200 mM KOAc, and 5 μM ZnCl2) or
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E2.2 (for Pol II; 20 mM Hepes/KOH [pH 7.8], 10% [v/v]
glycerol, 5 mM MgCl2, and 5 μM ZnCl2). Therefore, the beads
were incubated three times in 1 ml of the respective elution
buffer at 4 �C for 3 min on a turning wheel. The beads were
resuspended in the respective elution buffer (0.5 μl elution
buffer per 1 μl of bead suspension), and TEV protease (final
concentration: 115 ng/μl) was added. The suspension was
incubated at 16 �C overnight, shaking at 1200 rpm (Eppendorf
incubator). The eluate was transferred in a new tube, and the
beads were resuspended in elution buffer (0.25 μl elution
buffer per 1 μl of bead suspension). Afterward, TEV protease
(final concentration: 115 ng/μl) was added, and the suspension
was incubated at 16 �C for 2 h, shaking at 1200 rpm (Eppen-
dorf incubator). After magnetic separation, the eluate (eluate
2) was transferred in a new tube. The purified Pol fractions
were analyzed by SDS-PAGE and Coomassie staining. The
presence of the subunits A12.2, A49, and A190 was verified by
Western blotting using the respective antibodies.

Purification of heterodimer variants

For the overexpression of the respective target proteins, the
plasmids (K2250, K2404, K2406, K2403, and K2407; listed in
Table S4) were transformed into chemically competent E. coli
BL21 (DE3) pRARE cells and plated on LB plates supple-
mented with kanamycin (final concentration: 50 μg/ml) and
chloramphenicol (final concentration: 30 μg/ml). About 50 ml
LB medium supplemented with the respective antibiotics was
inoculated with a single clone, and cells were incubated
overnight at 37 �C, shaking at 120 rpm. Next day, 2 l pre-
warmed Terrific Broth medium supplemented with kanamycin
(final concentration: 50 μg/ml) and chloramphenicol (final
concentration: 30 μg/ml) was inoculated with the overnight
culture to a final absorbance of 0.1 at 600 nm. The cells were
incubated at 37 �C, shaking at 120 rpm. At absorbance of �0.5
at 600 nm, the cells were cold shocked for 15 min on ice. The
cells were incubated at 18 �C overnight, shaking at 120 rpm.
Cells were harvested at 9000g and RT for 8 min. Cell pellets
were resuspended in 20 ml ice-cold sterile 1× PBS and
centrifuged at 9000g and 4 �C for 8 min. The pellets were
frozen in liquid nitrogen and stored at −20 �C until usage. The
cells were thawed on ice and resuspended in equal amounts of
ice-cold lysis buffer L5 (50 mM Hepes/KOH [pH 7.8], 10% [v/
v] glycerol, 5 mM MgAc2, 200 mM KCl, 10 mM imidazole,
5 mM β-mercaptoethanol, 1 mM PMSF, and 2 mM benza-
midine). Then, the cell suspension was centrifuged at 9000g
and 4 �C for 8 min. After discarding the supernatant, the cells
were resuspended in lysis buffer L5 (1–1.5 ml buffer per 1 g
cells). The cells were lysed by ultrasonication. Therefore, the
cells were lysed for 5 min in a water bath followed by a 5 min
pause. The procedure was repeated twice. Afterward, the lysate
was cleared by centrifugation at 15,000g and 4 �C for 20 min.
The supernatant was ultracentrifuged at 146,500g and 4 �C for
40 min. Meanwhile, 1000 μl TALON Metal Affinity Resin
beads were equilibrated with lysis buffer L5. Then, the su-
pernatant was incubated with pre-equilibrated TALON beads
for 1 h at 4 �C on a turning wheel. To remove unbound
proteins, the beads were centrifuged at 800 rpm and 4 �C for
2 min, and the supernatant was discarded. The beads were
resuspended with 10 ml lysis buffer and transferred in a
polypropylene column resin. Then, the beads were washed
three times with 10 ml wash buffers W5 (50 mM Hepes/KOH
[pH 7.8], 10% [v/v] glycerol, 5 mM MgAc2, 10 mM imidazole,
200 mM KCl, 5 mM β-mercaptoethanol, 1 mM PMSF, and
2 mM benzamidine). Then, the recombinant proteins were
with 5× 500 μl elution buffer E5 (20 mM Hepes/KOH [pH 7.8],
10% [v/v] glycerol, 5 mMMgAc2, 150 mM imidazole, 200 mM
KCl, and 5 mM β-mercaptoethanol). The purified protein
fractions were analyzed by SDS-PAGE and Coomassie stain-
ing. Fractions with the respective proteins were pooled and
diluted with equal volume of buffer A (20 mM Hepes/KOH
[pH 7.8], 10% [v/v] glycerol, 1 mM MgAc2, and 3 mM DTT),
loaded onto a MonoS anion exchange column (MonoS GL 5/
50; GE Healthcare). The recombinant proteins were eluted
with a linear gradient of 10 to 100% buffer B (20 mM Hepes/
KOH [pH 7.8], 10% [v/v] glycerol, 1 mM MgAc2, 3 mM DTT,
and 1 M KCl). The purified protein fractions were analyzed by
SDS-PAGE and Coomassie staining.
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