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ABSTRACT

All eukaryotes have three essential nuclear multisub-
unit RNA polymerases, abbreviated as Pol I, Pol II
and Pol III. Plants are remarkable in having two ad-
ditional multisubunit RNA polymerases, Pol IV and
Pol V, which synthesize noncoding RNAs that co-
ordinate RNA-directed DNA methylation for silenc-
ing of transposons and a subset of genes. Based
on their subunit compositions, Pols IV and V clearly
evolved as specialized forms of Pol II, but their cat-
alytic properties remain undefined. Here, we show
that Pols IV and V differ from one another, and Pol
II, in nucleotide incorporation rate, transcriptional
accuracy and the ability to discriminate between ri-
bonucleotides and deoxyribonucleotides. Pol IV tran-
scription is considerably more error-prone than Pols
II or V, which may be tolerable in its synthesis of short
RNAs that serve as precursors for siRNAs target-
ing non-identical members of transposon families.
By contrast, Pol V exhibits high fidelity transcription,
similar to Pol II, suggesting a need for Pol V tran-
scripts to faithfully reflect the DNA sequence of target
loci to which siRNA–Argonaute silencing complexes
are recruited.

INTRODUCTION

In all eukaryotes, three nuclear multisubunit RNA poly-
merases are essential for viability: RNA Polymerase I (Pol
I), which synthesizes precursors for the three largest ribo-
somal RNAs, Pol II, which transcribes thousands of mR-
NAs and noncoding RNAs, and Pol III, which is primarily
required for 5S ribosomal RNA and tRNA biogenesis. Re-
markably, plants have two additional nuclear RNA poly-
merases, Pol IV and Pol V that are each composed of 12
subunits (1), at least seven of which are shared with Pol II
(2–5). In the siRNA-directed DNA methylation (RdDM)

pathway, which primarily silences transposons, viruses and
transgenes, Pols IV and V have non-redundant functions.
Pol IV partners with RNA-DEPENDENT RNA POLY-
MERASE 2 (RDR2) to generate short double-stranded
RNAs that are then diced into 24 nt siRNAs (6–8). These
siRNAs are incorporated into an Argonaute family protein,
primarily AGO4, and guide cytosine methylation and re-
pressive chromatin modifications at loci transcribed by Pol
V (9–11). There is also evidence that RNA-directed DNA
methylation at sites of Pol V transcription can be guided
by 21 nucleotide siRNAs derived from degraded transpo-
son mRNAs or by undiced Pol IV and RDR2-dependent
RNAs (12–15).

Pols IV and V apparently have fewer constraints on their
evolution than other polymerases, allowing their subunit
compositions to vary (5) and their catalytic subunits to ex-
perience amino acid substitution rates that are ten to twenty
times greater than for Pol II (3). More than 140 amino acid
positions that are invariant in the catalytic subunits of Pols
I, II, and III have diverged in Pols IV and V (Supplemen-
tary Figure S1A and B and Table S1) (16). These include
substitutions and deletions within elements that are thought
to be critically important for polymerase function, includ-
ing the trigger loop and bridge helix (Supplementary Fig-
ure S1A) (17). In Pol II and other polymerases, confor-
mational changes in the trigger loop and bridge helix re-
sult in the transition from an open state, which allows nu-
cleotide triphosphate (NTP) entry into the catalytic center,
to a closed state in which the NTP has been positioned adja-
cent to the 3′ end of the nascent RNA chain to enable phos-
phodiester bond formation (18,19). Ratchet-like transitions
between the open and closed conformations are thought to
be linked to RNA translocation, affecting elongation rate as
well as the accuracy (fidelity) of NTP incorporation (20,21).

Despite deletions and substitutions within the trigger
loop, bridge helix, and other conserved domains, Pols IV
and V are functional and have been shown to synthesize
RNA in vitro (22). However, their accuracy and speed, rel-
ative to Pol II, has not been studied. Here, we report initial
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measurements of several parameters of Pol II, Pol IV and
Pol V catalytic activity. We show that Pols IV and V cat-
alyze RNA synthesis more slowly than Pol II and we show
that Pol IV transcription is notably error-prone. Surpris-
ingly, Pol V is less error-prone than Pol II, at least in terms
of misincorporating ribonucleoside triphosphates (rNTPs)
mismatched to the DNA template. However, both Pol IV
and Pol V exhibit reduced ability, relative to Pol II, to dis-
criminate between ribonucleosides and deoxyribonucleo-
sides. The implications of Pol IV and Pol V’s enzymatic
properties are discussed with respect to what is known about
their functions.

MATERIALS AND METHODS

Amino acid sequences for the largest and second-largest
subunits of RNA polymerases I, II, III, IV and V, from
multiple species, were obtained from the National Center
for Biotechnology Information (https://www.ncbi.nlm.nih.
gov/). Sequences were aligned using Clustal Omega (23,24).

Pols II, IV, and V were immunoprecipitated from leaf tis-
sue of 3 week old transgenic lines expressing FLAG epitope-
tagged RNA polymerase subunits, NRPB2-FLAG (Pol II),
NRPD1-FLAG (Pol IV), or NRPE1-FLAG (Pol V), as pre-
viously described (22). Leaf tissue was ground to a powder
in liquid nitrogen using a mortar and pestle and then re-
suspended in 3.5 ml extraction buffer (20 mM Tris–HCl,
pH 7.6, 300 mM sodium sulfate, 5 mM magnesium sul-
fate, 5 mM DTT, 1 mM PMSF, 1% plant protease inhibitor
(Sigma) per gram of tissue. The homogenate was subjected
to centrifugation at 16 000 × g for 15 min, 4◦C. The su-
pernatant was collected and subjected to a second round of
centrifugation using the same conditions. Fifty microliter
anti-FLAG agarose resin (Sigma) was added to each lysate
and incubated at 4◦C for 3 h on a rotating mixer. The resin
was washed twice with 10 ml of wash buffer (20 mM Tris–
HCl, pH 7.6, 300 mM sodium sulfate, 5 mM magnesium
sulfate, 5 mM DTT, 1 mM PMSF, 0.5% IGEPAL CA-630
detergent) and once with 10 ml CB100 (25 mM HEPES–
KOH, pH 7.9, 20% glycerol, 100 mM KCl, 1 mM DTT, 1
mM PMSF). Immunoprecipitated polymerases were used
immediately for in vitro transcription reactions. Pol II im-
munoprecipitated from 1 g of leaf tissue expressing NRPB2-
FLAG was sufficient for 20 in vitro transcription reactions,
whereas 4 g of NRPD1-FLAG or NRPE1-FLAG leaf tis-
sue was needed for a single reaction. Pols II, IV and V puri-
fied by FLAG tag-enabled affinity capture are free of cross-
contamination by one another, or other polymerases, as de-
termined by mass spectrometry (22).

in vitro transcription reactions were conducted using a
17 nt RNA primer hybridized to various 32 nt ssDNA oli-
gos, as previously described (22), with minor modifications.
RNA primers (2 �M) were end-labelled using T4 polynu-
cleotide kinase and � -32P-ATP, and excess � -32P-ATP was
removed using Performa spin columns according to the
manufacturer’s protocol (Edge Bio). RNA–DNA hybrid
templates were generated by combining equimolar amounts
of end-labelled RNA primer and unlabeled DNA template
in 1× annealing buffer (100 mM potassium acetate, 30 mM
HEPES–KOH, pH 7.5), placed in a boiling water bath, and

allowed to cool to room temperature. Template sequences
are provided in Supplementary Table S2.

50 �l of resuspended, washed polymerase, still bound
to affinity resin, was used for each transcription reaction.
Washed NRPB2-FLAG resin (Pol II) was resuspended in 1
ml CB100 buffer, enough for 20 reactions. Washed Pol IV
and Pol V resins were resuspended in a final volume of 50
�l per transcription reaction. Fifty microliters of 2× tran-
scription reaction mix containing 21.7 �l of the 250 nM,
annealed RNA-DNA template solution, 100 �M (unless
otherwise noted) high purity rNTPs (GE Healthcare), 120
mM ammonium sulfate, 40 mM HEPES–KOH pH 7.9, 24
mM magnesium sulfate, 20 �M zinc sulfate, 20 mM DTT,
20% glycerol and 1.6 U/�l Ribolock (Thermo Fisher Scien-
tific) was then added. In rNTP:dNTP discrimination exper-
iments, the total NTP concentration was 100 �M. The high
purity NTPs (GE Healthcare) used in the reactions are free
of other NTPs or RNAse activity; use of high purity NTPs
that are not cross-contaminated by other NTPs is impor-
tant for misincorporation assays (25). Reactions were incu-
bated at room temperature for 1 h on a rotating mixer. Re-
actions were desalted using Performa spin columns accord-
ing to the manufacturer’s protocol (Edge Bio), then precip-
itated with 1/10 volume 3 M sodium acetate, 20 �g Gly-
coBlue (Thermo Fisher Scientific) and an equal volume of
isopropanol. Pellets were resuspended in 5 �l RNA gel load-
ing dye (47.5% formamide, 0.01% SDS, 0.01% bromophe-
nol blue, 0.005% xylene cyanol, 0.5 mM EDTA), heated at
70◦C for 3 min, and subjected to electrophoresis on a 15%
polyacrylamide, 7 M urea sequencing gel.

Km* and rate assays were performed similar to in vitro
transcription assays described above, with minor modifica-
tions. Transcription was initiated by adding 50 �l 2× tran-
scription reaction mix containing 0.1 �M of the first nu-
cleotide complementary to the template (rGTP), and in-
cubation for 20 min. The elongation complexes were then
washed with 800 �l 1X transcription buffer lacking NTPs
(60 mM ammonium sulfate, 20 mM HEPES–KOH pH 7.9,
12 mM magnesium sulfate, 10 �M zinc sulfate, 10 mM
DTT, 10% glycerol). 0.8 U/�l of RNase inhibitor was added
to washed elongation complex resin. For Km* reactions,
100 �l washed resin was distributed to 1.5 ml tubes con-
taining appropriate volumes of the next complementary nu-
cleotide, or a non-complementary nucleotide, to achieve the
substrate concentration being tested for that nucleotide. Re-
actions were incubated at room temperature, on a rotating
mixer, for 30 min. For rate assays, 500 nM of the comple-
mentary nucleotide (UTP) was added to the washed elon-
gation complexes and the reactions were incubated at room
temperature for the range of times indicated in the figure.
Reactions were cleaned and analyzed as described for in
vitro transcription assays above.

To determine error rates for Pol II or Pol IV transcripts
generated from M13mp18 single-stranded DNA (Bayou Bi-
olabs) as the template, transcription reactions were con-
ducted as previously described, but in a transcription reac-
tion mix consisting of 7.5 nM M13mp18 (Bayou Biolabs),
1 mM ATP, 1 mM GTP, 1 mM CTP, 1 mM UTP, 60 mM
ammonium sulfate, 20 mM HEPES–KOH pH 7.9, 12 mM
magnesium sulfate, 10 �M zinc sulfate, 10 mM DTT, 10%
glycerol, and 0.8 U/�l Ribolock (Thermo Fisher Scientific).

https://www.ncbi.nlm.nih.gov/
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Reaction products were purified using Performa spin
columns according to the manufacturer’s protocol (Edge
Bio), then precipitated with 1/10 volume 3 M sodium ac-
etate, 20 �g GlycoBlue (Thermo Fisher Scientific) and an
equal volume of isopropanol. Pellets were resuspended in
5 �l nuclease-free water and DNase treated using a Turbo
DNA-free kit (Thermo Fisher Scientific) according to the
manufacturer’s protocol. RNAs were then treated with
RNA 5′ pyrophosphohydrolase (RppH from New England
Biolabs) to convert 5′-end triphosphates to 5′ monophos-
phates. Reactions were cleaned with Oligo Clean & Concen-
trator columns (Zymo Research) according to the manufac-
turer’s protocol. Without any fragmentation, RNAs were
circularized with RNA ligase 1 (NEB, M0204S) accord-
ing to the manufacture’s guidelines. Circularized RNA tem-
plates were then reverse transcribed in a rolling-circle reac-
tion according to the protocol described by Acevedo et al.,
with the exception that the incubation time at 42◦C was ex-
tended from 2 to 20 min (26,27). Second strand synthesis
and the remaining steps for the library preparation were
then performed using a NEBNext Ultra RNA Library Pre
Kit for Illumina (E7530L) and the NEBNext Multiplex Oli-
gos for Illumina (E7335S, E7500S), according to the man-
ufacturer’s protocols. A size selection for amplified prod-
ucts longer than 300 nt was performed before sequencing
and 300 nt single-end reads were then generated using an
Illumina HiSeq instrument. Following the autocorrelation-
based method and Bayesian approach described by Lou
and Hussman et al., the structure of repeats within a read
was identified and the consensus sequence of a repeat was
constructed (28). Because of the random-priming approach
used for rolling-circle reverse transcription, the 5′ end of the
consensus sequence can be any nucleotide of the circular-
ized RNA template. To reorganize the consensus sequence
and make the ends correspond to the 5′ and 3′ of the orig-
inal RNA transcript, we first constructed a tandem dupli-
cate of the consensus sequence and mapped it back to the
M13mp18 reference by BWA (29). Therefore, the longest
continuous mapping region of the duplicated consensus se-
quence corresponds to the original RNA transcript. Be-
cause mapping can be ambiguous at the first and last few
nucleotides, we excluded the 4 nucleotides at each end of
the reorganized consensus sequence prior to subsequent
transcript analyses to minimize potential false positives.
The reconstructed consensus sequence was then mapped to
the M13mp18 reference sequence, with transcription errors
called for mismatches present in tandem copies of the RNA,
and a frequency of mismatch no larger than 1%. The data
were deposited in NCBI with the BioProject Number PR-
JNA393568.

RESULTS

Accuracy of Pol II, IV and V transcription

Affinity-purified Pols II, IV or V were tested in assays in
which a 32 nt DNA template is annealed to a 17 nt RNA
whose 3′ end is complementary to the DNA template, yield-
ing a 9 bp DNA-RNA hybrid (Figure 1A). The RNA serves
as a primer that can be elongated in a templated fashion by
all three polymerases (22). The single-stranded DNA tem-
plates have three identical nucleotides located immediately

adjacent to the 3′ end of the primer such that addition of
a single rNTP allows elongation of the RNA by 3 nt, to
a length of 20 nt. Generation of 21 nt, or longer, RNAs
indicates misincorporation of the NTP across from non-
complementary nucleotides of the template. Importantly,
the assay depends on the use of high purity (HPLC-purified)
NTPs to avoid false-positive signals resulting from contam-
ination by other NTPs (25). Use of a single-stranded DNA
template circumvents complications due to differences in
the abilities of Pols II, IV and V to displace the non-template
strand of duplex DNA (22).

In primer elongation reactions involving adenosine in-
corporation, templated by Ts in the DNA, Pols II, IV, and
V primarily synthesize the expected 20 nt RNA products
when the ATP concentration is low (1 �M) (Figure 1B).
However, as the rATP concentration is increased (6.25, 25
or 100 �M), RNAs of 21 and 22 nt are synthesized as a
result of misincorporating adenosine across from the en-
suing cytosine (misincorporation event 1; mis1) or guano-
sine (misincorporation event 2) bases of the DNA template.
Comparing the ratio of properly arrested (20 nt) to misin-
corporation products (>20 nt), reveals that Pol IV generates
the most misincorporation products, and Pol V the fewest
(Figure 1B). Subsequent tests comparing misincorporation
frequency in the presence of 100 �M UTP, rCTP, rGTP
or rATP confirmed that Pol IV is considerably more error-
prone than Pols II or V, and that Pol V is the least error-
prone of the three enzymes; this was true for all template
and NTP combinations tested (Figure 1C). The results also
reveal that misincorporation varies considerably depending
on the template-NTP combination, particularly for Pol II.

The RNA-dependent RNA polymerase, RDR2, physi-
cally associates with Pol IV (22,30) and might plausibly con-
tribute to NTP misincorporation. To test this possibility, we
compared Pol IV isolated from wild-type RDR2 plants, Pol
IV isolated from a rdr2–1 null mutant, and Pol IV that is
inactivated as a result of clustered point mutations in the
Metal A site of the catalytic center yet expressed in a wild-
type RDR2 background (16). Pol IV isolated from the rdr2–
1 mutant misincorporated rNTPs to the same extent as Pol
IV isolated from wild type plants, whereas the Pol IV active
site mutant lacked significant activity (Figure 1D). Based on
these controls, we conclude that Pol IV, and not RDR2, is
responsible for the RNA transcripts generated in the assays.

Magnesium ions are important for NTP positioning at
the active site of RNA and DNA polymerases such that
substitution by bulkier manganese ions typically makes
RNA and DNA polymerases error-prone (31,32). We tested
whether Pol IV and Pol V active sites are similarly sensi-
tive to manganese. Indeed, substituting manganese for mag-
nesium in the reaction buffer substantially increased nu-
cleotide misincorporation by Pols IV and V, as for Pol II
(Figure 1E). These results suggest that the catalytic centers
of Pols IV and V are similar to Pol II in their sensitivity to
manganese ions.

To assess the contribution of nucleotide selectivity to Pol
II, IV and V transcriptional fidelity, we compared the rela-
tive affinities of the enzymes for complementary versus non-
complementary nucleotides during RNA elongation (18).
For these assays, the 17 nt RNA primer was annealed to
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Figure 1. Pol IV and Pol V have altered fidelities relative to Pol II. (A) Design of the assay. (B) Pol II, IV, and V primer elongation products visualized
by phosphorimaging following electrophoresis on a 15% PAGE gel. (C) Effect of NTP: DNA template combination on Pol II, IV, or V misincorpo-
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a template having CCCAG as the variable sequence down-
stream of the primer, such that addition of 0.1 �M rGTP
resulted in polymerase-engaged elongation complexes that
contain 20 nt RNAs (Figure 2A). Importantly, no misin-
corporation into 21 nt or longer products is detected us-
ing this low rGTP concentration (compare to the 0 �M
UTP reactions in Figure 2B; see also Supplementary Fig-
ure S2). The elongation complexes were then washed to re-
move templates not engaged by the resin-immobilized RNA
polymerases, as well as free rGTP, and were then incubated
with UTP, the nucleotide complementary to the next tem-
plate position, or with rATP, which is non-complementary.
Production of 21 nt or longer extension products was then
monitored over a range of rNTP concentrations, from 0 to 5
�M (5000 nM) for the complementary nucleotide (UTP) or
0 to 500 �M for the non-complementary nucleotide (rATP)
(Figure 2B). The band intensity for elongation products
that are 21 nt or longer was then divided by the value of
the total intensity for all products of 20 nt or longer and
this ratio (expressed as %) was plotted versus UTP or rATP
concentration (Figure 2C and D). From these plots, we can
obtain an estimated pseudo Km (Km*; considered a pseudo
Km because we are not measuring velocity in these fixed-
time reactions) as well as maximum incorporation (Imax)
values, using linear regression to fit the data to the equation
y = (Imax*x)/(Km*+x), as in the study of Wang et al. (18).
Figure 2E shows the estimated Km*s for Pols II, IV and V,
for both complementary and non-complementary rNTPs.
All three polymerases have much higher (∼1000-fold) es-
timated Km*s for the non-complementary (rATP) versus
complementary ribonucleotide (UTP), indicating that the
polymerases have much higher affinities for the correct ver-
sus incorrect rNTP. Pol II and Pol V have similar Km*s for
the complementary rNTP (28 nM and 32 nM, respectively),
but Pol IV has a much higher Km* (202 nM), suggesting de-
creased affinity for the correct rNTP compared to Pols II or
V (Figure 2E). For the non-complementary nucleotide, Pol
IV and Pol V have similar estimated Km*s (∼112 �M) that
are ∼2 fold lower than for Pol II (252 �M) (Figure 2E).

Pol IV’s decreased affinity for the correct rNTP and in-
creased affinity for a non-complementary NTP is consistent
with Pol IV’s propensity for misincorporation, as shown in
Figure 1. Pol V, on the other hand, has a Km* for the com-
plementary ribonucleotide that is similar to Pol II, but has
a lower Km* for the non-complementary ribonucleotide,
suggesting that Pol V has a higher affinity for the wrong
nucleotide compared to Pol II. This was unexpected given
that Pol V produces fewer misincorporation products than
Pol II in the fidelity assays of Figure 1. The explanation for
this apparent paradox comes from considering enzymatic
efficiency, which in conventional Michaelis–Menten anal-
yses is estimated by dividing Vmax (the concentration of
substrate at which the enzymes active site is saturated) by
the Km, substituted in our case by Imax and Km* (Figure
2F). Pol II and Pol V are similarly efficient at incorporating
the complementary nucleotide, whereas Pol IV is relatively
inefficient. By contrast, Pol IV is the most efficient at incor-
porating the non-complementary ribonucleotide, whereas
Pol V is least efficient. Collectively, these experiments indi-
cate that although Pol V has a higher affinity for the non-
complementary rNTP compared to Pol II (Figure 2E), it has

a lower Imax (Figure 2D) such that the overall efficiency of
incorporating a wrong nucleotide is lower than for Pol II
(Figure 2F). Pol V’s 3-fold increased propensity to incorpo-
rate correct versus incorrect nucleotides, compared to Pol
II, and Pol IV’s 19-fold decreased ability compared to Pol
II (Figure 2G), are consistent with the misincorporation re-
sults of Figure 1.

We tested whether ribonucleotide misincorporation is
enhanced by cytosine methylation. Comparing methy-
lated and unmethylated DNA template oligonucleotides in
primer elongation experiments (Figure 3A), we observed no
increase in misincorporation of rATP, UTP or rCTP caused
by methylation of template cytosines, in either 5′ meCHH
or 5′ meCG sequence contexts, compared to unmethylated
template cytosines (Figure 3B and C; note that template se-
quences are written 3′ to 5′). These results suggest that mis-
incorporation of rNTPs at methylcytosine positions of the
template is not an intrinsic property of Pols II, IV or V.

Discrimination between rNTPs and dNTPs

To test the abilities of Pol IV and Pol V to discrimi-
nate between ribo- and deoxyribo-nucleoside triphosphates,
primer elongation experiments were conducted in the pres-
ence of 100% rNTP, 100% dNTP or a 50:50% mix of rNTP
and dNTP (Figure 4A). Primers that are elongated by in-
corporating dNTPs migrate faster than rNTP-elongated
primers when subjected to electrophoresis on 15% dena-
turing polyacrylamide sequencing gels (Figure 4B). When
provided a 50:50 mix of rNTP and dNTP, Pol II makes
products whose mobility is the same as when only rNTP
is provided, demonstrating a strong preference for rNTPs
over dNTPs (Figure 4B). Pol IV prefers rNTPs, but dNTP
elongation products are also detected in reactions contain-
ing equal amounts of both types of NTP (Figure 4B). Pol
V, surprisingly, displays similar incorporation of rNTPs or
dNTPs when either is provided alone, and preferentially in-
corporates the dNTPs when provided with a 50:50 mix (Fig-
ure 4B). These results show that Pols IV and V have a re-
duced ability, compared to Pol II, to discriminate between
rNTPs and dNTPs. In order to better understand the ba-
sis for this loss of discrimination, we determined the affini-
ties of Pols II, IV and V for a dNTP in the same way that
rNTP affinity was assessed in Figure 2 (Supplementary Fig-
ure S3A and B). We found that Pols IV and V have increased
affinities, relative to Pol II, for dNTPs (Figure 4C–F).

Rates of nucleotide incorporation

Relative rates of nucleotide incorporation for Pols II, IV and
V were assessed by elongating a 17 nt primer to 20 nt RNA
using a low concentration of GTP as in Figure 2 (Figure
5A), then conducting a time-course of 21 nt RNA produc-
tion upon addition of 500 nM UTP (Figure 5B). The per-
centage of 21 nt product, relative to total 20 + 21 nt product,
was plotted against time (Figure 5C) and the data were fit-
ted to the equation c(t) = A × (1 – exp[-k – t]) to calculate
the rate constant, k, as described in Sydow et al. (25). Pol IV
and Pol V both have decreased rates of nucleotide incorpo-
ration relative to Pol II (Figure 5D). Pol IV is the slowest of
the three enzymes, with a rate that is ∼6 times slower than
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Pol II (k values of 0.06 versus 0.38, respectively), and Pol V
is ∼3 times slower than Pol II (k values of 0.13 versus 0.38,
respectively) (Figure 5D).

Transcription error rates in de novo synthesized RNAs

To test whether differences in fidelity observed using de-
fined template oligonucleotides and primer extension with
single NTPs are also observed for transcripts initiated de
novo in a primer-independent manner and in the pres-
ence of all four NTPs, we sequenced RNAs generated by
Pol II or Pol IV using single-stranded, circular bacterio-
phage M13mp18 DNA as the template. Pol V did not gen-
erate sufficient numbers of transcripts from this template
to be included in these analyses. Pols II and IV initiate
at more than two thousand distinct start sites within the
∼7.2 kb M13 genome sequence, providing a diverse set
of transcripts (6). The resulting Pol II and Pol IV tran-
scripts were subjected to ‘circle sequencing’ (Figure 6A)
(28). In this method, the 5′ and 3′ ends of transcripts are

ligated to form circles prior to cDNA synthesis using Super-
Script III Reverse Transcriptase (Thermo Fisher Scientific).
This enzyme has strand displacement activity, allowing it
to reverse-transcribe the RNA circle multiple times, pro-
ducing a cDNA concatamer composed of multiple DNA
copies of the original RNA template. True transcription er-
rors present in the RNA are present in each repeat of the
concatamer whereas sporadic errors introduced by reverse
transcriptase, or the DNA polymerases used for PCR am-
plification or sequencing polymerase will not be common
to each repeat (see diagram in Figure 6A). Variations of this
method have been used to identify genetic subtypes in RNA
viral populations (26,27) and to measure the transcriptional
fidelities of bacterial RNA polymerases (33).

Using the circular sequencing approach, transcription er-
ror rates for RNAs generated by Pol II or Pol IV using the
M13 template were calculated as the number of errors di-
vided by the total number of nucleotides sequenced. Pol
IV’s in vitro error rate was found to be roughly six times
greater than the transcription error rate for Pol II (6.4 ×
10−4 and 1.1 × 10−4, respectively) (Figure 6B). These re-
sults support our primer elongation results using single nu-
cleotides, which also showed that Pol IV has an increased
propensity for misincorporation relative to Pol II. The ob-
served Pol II in vitro error rate is also consistent with a pre-
viously estimated in vitro error rate for Pol II isolated from
wheat germ, which ranged from 10−4 to 10−6 depending on
the combination of NTP and DNA template (34).

DISCUSSION

Collectively, our initial investigation of Pol IV and Pol V
catalytic properties provides several insights concerning the
biochemical characteristics of the enzymes. Pol IV and Pol
V differ from Pol II, and from one another, in a number
of enzymatic properties, including accuracy and catalytic
rate. Pol IV is the slowest of the three enzymes, and is also
the most error-prone. Pol IV/RDR2-dependent precursor
RNAs are only ∼30–40 nt in length, just long enough to
encode single 24 nt siRNAs (6,7), such that Pol IV may
not need to be fast. Based on bioinformatic analyses of
Pol IV and RDR2-dependent RNAs isolated from plant
lysates, Pol IV has been hypothesized to misincorporate
NTPs at positions of methylated cytosines, potentially in-
ducing transcriptional termination (7). In direct tests of this
hypothesis in vitro, DNA methylation has no measurable ef-
fect on Pol IV fidelity (Figure 3). This indicates that misin-
corporation at methylcytosines is not an intrinsic property
of Pol IV, but does not preclude the possible involvement of
other proteins or activities.

Because 24 nt siRNAs primarily guide the silencing of
transposons whose family members are not necessarily
identical, error-prone transcription by Pol IV may be tol-
erated, and possibly even beneficial. The accuracy of Pol IV
transcription would, however, affect whether an siRNA an-
neals to a target with perfect or imperfect complementarity,
potentially influencing whether AGO4 might slice, or just
bind, a Pol V-transcribed target, similar to miRNAs (35).
There is evidence that slicing activity is important at some,
but not all, RdDM loci (36).
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Pol V makes longer transcripts than Pol IV. Although
their precise size remains undefined, RT-PCR analyses in-
dicate that they can be 200 nt or more (37–39). Our results
indicate that Pol V transcription is highly accurate, suggest-
ing that accuracy is important for Pol V transcript function.
Pol V makes RNAs at loci to be silenced by RNA-directed
DNA methylation, and its transcripts are thought to pro-
vide scaffolds for the binding of siRNA-AGO complexes
that then recruit additional chromatin modifying activities

(11,37), consistent with studies in fission yeast and other or-
ganisms (40). A need for precise basepairing between siR-
NAs and Pol V transcripts might result in selective pressure
to maintain Pol V fidelity. A recent study has suggested that
siRNA-AGO4 complexes may also bind directly to DNA
at Pol V-transcribed loci (41). If the act of transcription is
all that is needed for Pol V to function, it is not clear why
Pol V would need to generate RNAs that faithfully match
the sequence of transcribed loci. One possibility might be
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that siRNAs first bind Pol V transcripts prior to binding the
corresponding DNA sequence. Another possibility might
be that Pol V transcripts are used to generate R-loops at
transcribed loci, thereby enabling siRNA-AGO interactions
with the displaced DNA strand (42), and that precise base-
pairing of the RNA and DNA might somehow be impor-
tant.

Some substitutions of highly conserved amino acids in
Pols IV and V occur at positions known to affect RNA poly-
merase fidelity. For example, mutation of N479 in the S.
cerevisiae RNA Pol II largest subunit, Rpb1 results in re-
duced discrimination between NTPs and dNTPs (18). Both
Pol IV and Pol V have substitutions at the position corre-
sponding to yeast N479, consistent with their incorpora-
tion of dNTPs to a greater extent than Pol II. However, the

details of altered rNTP:dNTP discrimination differs in the
yeast N479 Pol II mutant versus Pols IV and V. The N479S
Pol II mutant has decreased affinity for rNTPs, rather than
increased affinity for dNTPs (18). In contrast, Pol IV and
Pol V have increased dNTP affinity (Supplementary Figure
S3). Additional diverged amino acids of Pols IV and V pre-
sumably contribute to these differences.

The rNTP concentrations used in this study are within the
range of reported physiological concentrations in cells, but
the concentration of dNTPs we used in Figure 4B are ∼3–
20 times greater than published cellular dNTP levels (43).
The nucleotide concentration at which Pol II dNTP incor-
poration is half-maximum is 12 times greater than reported
cellular dTTP concentrations; whereas, the Pol IV and Pol
V dNTP misincorporation is half-maximal at dTTP con-
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centrations only 2- or 3-fold greater than reported in vivo,
respectively. Therefore, it is possible that Pol IV and Pol V
may be incorporating dNTPs into their products in vivo, al-
though it is not clear what the biological consequences of in-
corporating dNTPs into Pol IV or Pol V transcription prod-
ucts would be. Misincorporation of dNTPs into RNA by a
T7 RNA polymerase mutant has been found to block trans-
lation of the dNTP-carrying transcripts (44). Incorporating
dNTPs into Pol IV or Pol V transcripts might similarly in-
hibit their translation, but this seems unnecessary for Pol IV
and Pol V RNAs, which are thought to act in the nucleus.
Incorporation of dNTPs might potentially affect binding or
processing of Pol IV or Pol V transcripts. Pol IV and Pol V
have also been implicated in DNA double-strand break re-
pair, such that synthesizing transcripts that include dNTPs
might somehow be important (45). Similar to misincorpo-
ration of a non-complementary base, misincorporation of
a dNTP reduces the likelihood of adding a subsequent nu-
cleotide, potentially inducing pausing or termination (18).

The trigger loop within the largest subunit of yeast RNA
Pol II is thought to play an important role in transcriptional
fidelity. Amino acids within the trigger loop (Leu1081,
Gln1078, His1083, and Asn 1082) contact the base, phos-
phate, and ribose of an incoming NTP to facilitate pre-
cise positioning and catalysis (18). Pols IV and V have
amino acid substitutions at three of these four positions
(Supplementary Figure S1A). In addition, A. thaliana Pol
IV, which has reduced accuracy relative to Pol II, has di-
verged at a trigger loop position whose mutation in the yeast
Pol II largest subunit, Rpb1 (position E1103) results in in-
creased NTP misincorporation (20). The E1103G mutation
is thought to destabilize the active site open conformation,
causing increased misincorporation due to greater seques-
tration of non-complementary nucleotides within the closed
conformation (20). It has been suggested that other condi-
tions that reduce Pol II fidelity, such as deletion of the ninth
subunit, or the presence of manganese, similarly promote
a closed trigger loop conformation (18,20,46,47). Opening
and closing of the trigger loop is also important for elon-
gation, such that mutations alter the catalytic rate (48,49).
Given their altered fidelities (Figures 1, 2 and 4), rates of
nucleotide incorporation (Figure 5), and extensive sequence
divergence (or deletion) in the trigger loop region (Supple-
mentary Figure S1), we speculate that the Pol IV active cen-
ter may naturally adopt a more closed structure, whereas
the Pol V active center may resemble the Pol II open con-
formation. These speculations underscore a need for high-
resolution structural models for Pol IV and Pol V. Such
studies would help assess the impact of changes in highly
conserved amino acids as well as the potential role of com-
pensatory changes at other amino acid positions, poten-
tially helping preserve structural features important for cat-
alytic functions.
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