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Abstract

Plant multisubunit RNA Polymerase V transcription recruits Argonaute siRNA complexes that
specify sites of RNA-directed DNA methylation (RADM) for gene silencing. Pol V's largest subunit,
NRPEI, evolved from the largest subunit of Pol II but has a distinctive carboxyl-terminal domain (CTD).
We show that the Pol V CTD is dispensable for catalytic activity in vitro, yet essential in vivo. One CTD
subdomain (DeCL) is required for Pol V function at virtually all loci. Other CTD subdomains have locus-
specific effects. In a yeast two-hybrid screen, the 3'->5' exoribonuclease, RRP6L1 was identified as an
interactor with the DeCL and glutamine-serine-rich (QS) subdomains, located downstream from an
Argonaute-binding repeat subdomain. Experimental evidence indicates that RRP6L1 trims the 3° ends of
Pol V transcripts sliced by ARGONAUTE 4 (AGO4), suggesting a model whereby the CTD enables the

spatial and temporal coordination of AGO4 and RRP6L1 RNA processing activities.
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Introduction

NUCLEAR RNA POLYMERASE V (Pol V) is a plant-specific multisubunit RNA polymerase
important for siRNA-directed DNA methylation (RdADM) and transcriptional gene silencing, primarily of
transposable elements (reviewed in (Haag and Pikaard 2011; Ream et al. 2013; Zhou and Law 2015). In
the major RADM pathway (reviewed in (Matzke and Mosher 2014; Wendte and Pikaard 2016),
NUCLEAR RNA POLYMERASE IV (Pol IV) and RNA-DEPENDENT RNA POLYMERASE 2
(RDR2) generate short double-stranded RNAs that are then diced into 24 nt short interfering RNAs
(siRNAs) (Blevins et al. 2015; Li et al. 2015; Zhai et al. 2015). These siRNAs associate with an
Argonaute family protein, primarily AGO4 or AGOG6, and guide cytosine methylation at sites of Pol V
transcription. Pol V also has functions independent of 24 nt siRNAs (Pontes et al. 2009), including a
pathway for establishing DNA methylation using 21 nt siRNAs derived from the degraded mRNAs of
active transposons (Nuthikattu et al. 2013; McCue et al. 2015).

Pol IV and Pol V in Arabidopsis and maize are composed of twelve subunits, like Pol II (Ream et
al. 2009; Ream et al. 2013; Haag et al. 2014). Approximately half of the Pol IV and Pol V subunits are
encoded by the same genes as Pol II subunits (Ream et al. 2009; Ream et al. 2013). Remaining subunits,
including the catalytic subunits (the two largest subunits), are encoded by genes that arose through
duplication and sub-functionalization of ancestral Pol II subunit genes (Luo and Hall 2007; Ream et al.
2009; Tucker et al. 2010; Huang et al. 2015; Wang and Ma 2015). Arabidopsis Pols IV and V have three
different subunits, but the only fundamental difference between maize Pols IV and V is their distinctive
largest subunits, NRPD1 or NRPEI, respectively (Haag et al. 2014). NRPD1 and NRPE1 differ
primarily at their C-terminal ends. NRPD1 has a short C-terminal domain (CTD) of ~100 amino acids
that shares sequence similarity with a chloroplast protein implicated in plastid ribosomal RNA
processing, DEFECTIVE CHLOROPLASTS AND LEAVES, (Keddie et al. 1996; Bellaoui et al. 2003;
Bellaoui and Gruissem 2004; Haag and Pikaard 2011; Huang et al. 2015). Because of this similarity, this
domain is abbreviated as DeCL (see Figure 1A). The Pol V largest subunit, NRPE1 has a much longer

CTD, spanning ~700 amino acids. At the very C-terminus is a subdomain rich in repeated glutamine-
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serine (QS) motifs. The QS subdomain is preceded by a DeCL subdomain, similar (but not identical) to
the DeCL domain of Pol IV. N-terminal to the DeCL domain is a subdomain consisting of ten 17 amino-
acid repeats rich in glycine-tryptophan (GW) or WG dipeptide "ago-hooks" that bind to Argonaute family
proteins, including AGO4 and AGO6 (El-Shami et al. 2007; Pontier et al. 2012). A fourth subdomain,
termed the linker, is located between the 17aa repeats and the conserved sequences (domains A-H) that
are characteristic of all multisubunit RNA polymerase largest subunits (see Figure 1A).

Despite their origins as specialized forms of Pol II, the CTDs of the Pol IV and Pol V largest
subunits share no sequence similarity with the CTD of the Pol II largest subunit, NRPB1 (Pontier et al.
2005; Haag and Pikaard 2011; Huang et al. 2015; Trujillo et al. 2016). Pol II largest subunit CTDs consist
of repeats of the heptad consensus sequence, YSPTSPS, with varying numbers present in different species
(e.g. 39 in Arabidopsis thaliana). These repeats can be phosphorylated in multiple patterns and mediate
numerous aspects of Pol II function, including polymerase recruitment, transcriptional activation,
transcript elongation, termination, and RNA processing (reviewed in: Zaborowska et al. 2016). Whether
the complex NRPE1 CTD mediates analogous Pol V functions is unclear.

To functionally dissect the NRPE1 CTD, we engineered a series of NRPE1 transgenes with
targeted CTD deletions and then tested their function. We show that the CTD is dispensable for Pol V
transcription in vitro but is critical for Pol V transcript abundance and cytosine methylation in vivo.The
biological activity of the CTD is explained primarily by the DeCL subdomain. However, the QS, 17aa
repeat and linker subdomains are needed at loci that tend to be highly methylated and are similarly
dependent on proteins known to interact with Pol V or its transcripts. We show that RRP6L1, a paralog of
the yeast ribonuclease Rrp6p, interacts with the QS and DeCL subdomains. Recombinant RRP6L1
produced in insect cells has 3'->5' exoribonuclease activity that is specific for single-stranded RNA, and is
inhibited by RNA secondary structure. /n vivo, our evidence indicates that RRP6L1 trims the 3' ends of
Pol V transcripts sliced by AGO4, without completely degrading the RNAs, consistent with a prior study
indicating, paradoxically, that RRP6L1 appears to stabilize Pol V transcripts associated with chromatin
(Zhang et al., 2014). We propose a model whereby sliced transcripts engaged by RRP6L1 that is paused
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or slowed at regions of RNA secondary structure might increase the dwell time of AGO4-cleaved Pol V
transcripts at their sites of synthesis, allowing these processed RNAs to contribute to RNA-directed DNA

methylation.

Results
The NRPE1 CTD is required for Pol V-dependent RdADM

We engineered deletions affecting four CTD subdomains of the NRPE1 protein of 4. thaliana
ecotype Col-0: the linker subdomain (amino acid (aa) positions 1251-1426); the repeat subdomain (aa
1426-1651), containing ten complete, and two degenerate, repeats of a 17 aa consensus sequence,
DKKNSETESGPAAWGSW; the DeCL subdomain (aa 1736-1851); and the QS (glutamine-serine)-rich
subdomain at the very C-terminus (aa 1851-1976) (Figure 1A). Within the CTD are seventeen WG
(Tryptophan-Glycine), one GWG, and one GW motif. Twelve of these Ago-hook motifs occur within the
17 aa repeat subdomain (aa 1426-1651) and mediate interactions with AGO4 (El-Shami et al. 2007).

Transgenes expressing the deleted NRPE1 proteins were tested for their ability to rescue an
nrpel-11 null mutant, like a full-length, un-mutated NRPE] transgene. One set of recombinant NRPE1
proteins was sequentially deleted from the C-terminus (A1851-1976, A1736-1976, A1651-1976, A1566-
1976, A1426-1976, and A1251-1976). Three additional transgenes were engineered to have internal CTD
deletions: A1251-1426 (deleting the linker subdomain), A1426-1651 (deleting all 17aa repeats), and
A1251-1651 (deleting the linker and repeat subdomains). We also tested a construct, NRPE1ASD,
engineered by the Lagrange lab (El-Shami et al. 2007), which has both the repeat and QS-rich
subdomains deleted (A1411-1707 and A1875-1976) (Figure 1B). The transgenes were expressed from the
native NRPE1 promoter and each recombinant protein (except NRPE1ASD) was engineered to have a C-
terminal HA epitope tag. Immunoprecipitation using anti-HA resin showed that the recombinant proteins
are expressed at similar levels, displaying doublet bands typical of NRPE1 until linker sequences between
1251 and 1426 are deleted (Figure 1C-D). The Pol V second-largest subunit, NRP(D/E)2, co-
immunoprecipitates with all of the recombinant NRPE1 proteins, indicating that polymerase assembly is
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not disrupted by the CTD deletions (Figure 1C-D). Moreover, full length NRPE1 and NRPE1 A1251-
1976 (full CTD deletion) both localize to the nucleus and yield signals consistent with association with
chromatin and Cajal bodies, similar to native NRPE1 (Figure S1).

To test CTD deletions for Pol V function, we first examined DNA methylation at known Pol V
target loci using Chop-PCR (Figure 2A). In this method, genomic DNA is first digested (chopped) using a
methylation sensitive restriction endonuclease prior to conducting PCR with primers flanking the
endonuclease recognition site. If the site is methylated, it is not cut, and PCR amplification occurs. If the
site is unmethylated, the DNA is cut and PCR fails. DNA was digested with Haelll or Alul, whose cutting
is blocked by CHH methylation (where H is a nucleotide other than G), a hallmark of Pol V-dependent
RdDM. All loci yielded PCR amplification products using DNA of wild-type Col-0, indicating full
methylation, but not using DNA of the nrpel-11 mutant, in which RdADM is lost (Figure 2A, S2A). The
full-length NRPE] transgene, and NRPE1 missing only the QS-rich domain (A1851-1976) both restored
methylation to wild-type levels (Figure 2A, S2A). However, deletion of the DeCL domain (constructs
A1736-1976, A1651-1976) impaired restoration of DNA methylation at most loci (Figure 2A, S2A), and
also prevented restoration of AtSNI transposon silencing (Figure S2B) or restoration of siRNA levels at
AtCopia or 455 rTRNA gene loci (Figure S2C). However, for some loci, such as /IGN5A4 and IGN26,
deletion of additional CTD subdomains was needed to reduce Chop-PCR signals to nrpel-11 mutant
levels and, remarkably, for methylation of the site assayed at the soloLTR locus, the CTD is dispensable
(Figure 2A).

We next tested the effect of internal deletions eliminating subdomains N-terminal to the DeCL
domain. NRPEI proteins lacking the linker domain (A1251-1426) or the 17 aa repeat domain (A1426-
1651) partially restored DNA methylation, transcriptional silencing, and Pol V-dependent siRNA levels
in the nrpel mutant background, but did so in a locus-dependent manner (Figure 2A, Figure S2). NRPE1
proteins missing two CTD subdomains, namely A1251-1651 (linker and repeat domains deleted) and

ASD (repeat and QS domains deleted), also did not fully rescue nrpel-11 methylation defects, with the
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degree of rescue being reduced compared to NRPE1 proteins deleted for either subdomain alone (Figure

2A, Figure S2).

The DeCL subdomain accounts for most CTD activity

To assess how Pol V CTD subdomains impact DNA methylation genome-wide, we conducted
whole genome bisulfite sequencing of DNA from wild-type, nrpel-11, and plants expressing each CTD
deletion construct in the nrpel mutant background, with two biological replicates for each genotype (see
Table S1 for sequencing statistics). In nrpel-11 plants, compared to wild-type, CHH methylation was lost
from 2,259 differentially methylated regions (DMRs; see Methods) (Figure 2B, Table S2). Expressing
full-length NRPE1, or NRPE1 missing only the QS domain (A1851-1976), restored CHH methylation at
~99% of these DMRs (Figure 2B), leaving only 16 or 30 DMRs, respectively, un-rescued (Figure S3A,
S3G, Table S2). In contrast, in lines expressing NRPE1 missing the DeCL and QS domains (A1736-1976,
A1651-1976, A1566-1976, A1426-1976, and A1251-1976), nearly 90% (~2,000) of the DMRs failed to
regain methylation (Figure 2B, Figure S3 B-F, Table S2). NRPEI proteins missing the linker or 17 aa
repeat CTD subdomains restored methylation at 40-60 % of the DMRs (Figure 2B). Specifically, 922
DMRs that were demethylated in the nrpel mutant remained demethylated in plants expressing NRPE1
missing the linker subdomain (A1251-1426), 685 demethylated DMRs persist when the 17 aa repeat
subdomain (A1426-1651) is deleted, 1,246 demethylated DMRs persist when the linker and 17 aa repeat
subdomains are deleted in tandem (A1251-1651 protein), and 1,421 demethylated DMRs persist for the

ASD (repeat plus QS domain) protein (Figure S3H-I, Table S2).

The NRPE1 CTD is required for Pol V transcript detection in vivo but not enzymatic activity in
vitro

Pol V-dependent RNAs can be detected at RADM target loci by RT-PCR (Wierzbicki et al. 2008;
Wierzbicki et al. 2012), allowing us to test whether NRPE1 CTD deletion mutants that fail to rescue Pol
V-dependent CHH methylation have reduced Pol V transcript levels in vivo (Figure 2C). Indeed, Pol V
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transcript levels are lowest in CTD deletion mutants in which CHH methylation is most reduced, with
only trace (or background) levels of transcripts detected for NRPE1 proteins missing the DeCL domain.
Deletion of the linker and 17 aa repeat domains affected Pol V transcript levels in a locus-dependent

manner, whereas deletion of the QS domain had no effect at any of the loci tested (Figure 2C).

The severe loss of Pol V transcripts observed in vivo when the full CTD is deleted led us to test
whether the Pol V CTD is required for the intrinsic RNA polymerase activity of Pol V. To do so, we
conducted in vitro transcription using an assay in which an RNA primer annealed to a DNA template is
elongated in a template-dependent manner (Haag et al. 2012). No difference was detected comparing full-
length NRPE1 to NRPE1 missing the entire CTD (A1251-1976) (Figure 2D), indicating that the CTD is
not required for Pol V's core catalytic activity. This suggests that CTD-effects on Pol V transcript
abundance in vivo reflect functions required in a chromosomal or cellular context, such as target site

recruitment, transcription initiation/elongation, or transcript stability.

The full length NRPE1 CTD is required for RADM at a subset of highly methylated loci

We examined the influence of CTD subdomains on CHH methylation of individual Pol V-
dependent DMR loci using clustering analysis. Plants expressing full-length NRPE1, or NRPE1 missing
just the QS domain (A1851-1976), display methylation profiles similar to wild-type plants (Figure 3A). In
contrast, plants expressing NRPE1 lacking the DeCL domain (A1736-1976, A1651-1976, A1566-1976,
A1426-1976, and A1251-1976) have methylation profiles similar to the nrpel-11 null mutant (Figure 3A).
Profiles for NRPE1 proteins lacking the linker domain (A1251-1426), 17 aa repeat subdomain (A1426-
1651), linker plus 17 aa repeat subdomains (A1251-1651), or 17 aa repeat plus QS subdomain (ASD),
showed intermediate CHH methylation levels and affected overlapping subsets of Pol V-dependent loci

(Figure 3A).
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Comparing Pol V-dependent DMRs that fail to regain methylation when NRPE1 is missing either
the linker subdomain (A1251-1426; 752 DMRs) or 17 aa repeat subdomain (A1426-1651; 582 DMRs)
revealed an overlap of 468 DMRs (Figure 3B). If the linker and 17 aa repeat subdomains are both deleted
(A1251-1651), the effect is more severe, such that nearly half of all Pol V-dependent DMRs (1,046 out of
2,259) remain significantly hypo-methylated, including 410 DMRs that were not affected by deletion of
either subdomain alone (Figure 3B), suggesting partially redundant functions for these adjacent

subdomains of the CTD.

We next compared the overlap between Pol V-dependent DMRs that remain significantly hypo-
methylated when NRPE1 lacks the QS domain (A1851-1976) or the repeat domain (A1426-1651) (Figure
3C). Only 1% (22) of the 2,259 total Pol V DMRs remain hypo-methylated when NRPE1 lacking the QS
domain is expressed in the nrpel mutant. Eighteen of these DMRs are among the 582 DMRs that remain
hypo-methylated when the 17 aa repeat domain is deleted (A1426-1651) (Figure 3C). Interestingly,
deleting both the QS and 17 aa repeat subdomains (construct ASD) is substantially more deleterious that
deleting either domain alone, such that 1,204 DMRs are not rescued, suggesting a functional interaction

between these domains (Figure 3C).

We compared the effect of deleting the linker plus 17 aa repeat subdomains (A1251-1651) to
ASD, in which the 17aa repeat and QS subdomains are deleted. 921 hypo-methylated regions overlap
among the 1,204 (ASD) and 1,046 (A1251-1651)-affected DMRs, accounting for approximately half of
the 2,259 Pol V- dependent DMRs (Figure 3D). Because the A1251-1651 and ASD forms of NRPE1 both
have the critical DeCL subdomain, but are deleted for the linker (L), repeat (R), and QS (Q) subdomains,
we refer to the 921 DMRs affected by both constructs as LRQ DMRs for the remainder of the manuscript
(Table S2). LRQ DMRs have at least two notable characteristics. One is that their methylation level in
wild-type Col-0 is higher, on average, than total Pol V-dependent DMRs (Figure 3E). Second, they differ
with respect to siRNA levels. Pol IV is required for the biogenesis of virtually all 24nt siRNAs (Pontier et

al. 2005; Zhang et al. 2007; Mosher et al. 2008), such that dividing the number of 24nt siRNAs detected
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in Pol IV (nrpdi-3) mutants by the number in wild type (Col-0) yields an average value near zero at both
LRQ DMRs and total Pol V DMRs (Figure 3F, Table S3). In contrast, Pol V affects siRNA production at
only a subset of loci (Pontier et al. 2005; Mosher et al. 2008). At LRQ DMRs, siRNA levels in nrpel-11
mutants are substantially lower than for Pol V DMRs as a whole, indicating that siRNA levels at LRQ

DMRs have a greater dependency on Pol V (Figure 3F, Table S3).

LRQ DMRs correlate with loci whose methylation is similarly dependent on Pol V transcript

binding proteins

Comparing CHH methylation profiles of CTD mutants and mutants acting in Pol V-dependent
steps of the RADM pathway revealed intriguing clustering relationships (Figure 4A). Mutants with severe
methylation defects, clustering with nrpel-11, include NRPE1 with the full CTD deleted (A1251-1976),
NRPE1 missing the DeCL subdomain (A1736-1976) and several mutants defective for proteins
implicated in Pol V recruitment to target sites, including drdl, dms3 and suvh2 suvh9 (Wierzbicki et al.
2008; Wierzbicki et al. 2009; Zhong et al. 2012; Johnson et al. 2014; Liu et al. 2014; Jing et al. 2016)
(Figure 4A, Table S2). Mutants with less severe effects on methylation, resembling CTD deletion mutants
lacking the linker, 17 aa repeat, or QS subdomains, include mutants defective for proteins that interact
with Pol V transcripts and/or Pol V transcription elongation complexes, including IDN2-IDP complex
(idn2 idnll idnl2), spt5L (also known as ktf1), and rrp6L1, (Ausin et al. 2009; Bies-Etheve et al. 2009; He
et al. 2009; Rowley et al. 2011; Zhang et al. 2012; Kollen et al. 2015) (Figure 4A, Table S2). The IDN2-
IDP complex binds Pol V transcripts prior to recruitment of the de novo DNA methyltransferase, DRM2
(Ausin et al. 2009; Ausin et al. 2012; Bohmdorfer et al. 2014). SPT5L is a paralog of the Pol 11
transcription elongation factor, SPTS5, and can co-immunoprecipitate (at low levels) with Pol V, bind Pol
V transcripts and physically interact with AGO4 and AGO6 via extensive ago-hook motifs (Bies-Etheve
et al. 2009; He et al. 2009; Huang et al. 2009; Rowley et al. 2011). RRP6L1 binds Pol V transcripts and

has been implicated in maintaining these RNAs in chromatin (Zhang et al. 2014). The grouping of these
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different mutants by clustering analyses was independently validated by comparing statistically
significant hypo-DMRs in each mutant line to LRQ DMRs, confirming a high degree of overlap (Figure

4B-D, Table S2).

AGO4 and AGOG6 interact with Pol V transcripts as well as AGO-hook motifs of the CTD 17 aa
repeat subdomain (aa 1426-1651) (El-Shami et al. 2007; Wierzbicki et al. 2009; Rowley et al. 2011;
Pontier et al. 2012). Thus, one might predict that methylation defects resulting from targeted deletion of
the 17 aa repeat subdomain might be phenocopied by ago4 or ago6 mutants. Interestingly, DMRs affected
by ago6 and the 17 aa repeat subdomain fit this expectation and show substantial overlap (Figure 4A, E).
However, ago4 mutants exhibit a much more severe loss of CHH methylation (Stroud et al. 2013) than
NRPEI1 lacking the 17 aa repeat subdomain, clustering with the nrpel-11, full CTD, or DeCL subdomain
deletions (Figure 4A). This finding is consistent with evidence that AGO4 recruitment entails more than
17 aa repeat subdomain interactions, including interactions with Pol V transcripts and SPT5L (El-Shami

et al. 2007; Wierzbicki et al. 2009; Pontier et al. 2012; Lahmy et al. 2016; Wendte and Pikaard 2016).

The exonuclease, RRP6L1, interacts with the CTD and trims Pol V transcripts

We conducted a yeast two hybrid (Y2H) screen for 4. thaliana proteins that interact with the Pol
V CTD. The full CTD could not be used as bait due to auto-activation of the reporter gene, leading us to
test individual domains. Only one confirmed interactor was identified, using the QS subdomain (aa 1851-
1976) as bait. This interactor is RRP6L1 (see Figure 4A), previously identified by the Zhu lab (Zhang et
al., 2014) as a protein affecting RADM at a subset of loci and stabilizing Pol V transcripts in the context
of chromatin, an apparent paradox given that the yeast paralog, Rrp6p is a 3’ to 5’ exoribonuclease
(Lange et al. 2008; Fox and Mosley 2016) (Figure 4F). Confirming the Y2H results, full-length RRP6L1
expressed in insect cells physically interacts with a recombinant QS subdomain polypeptide in vitro

(Figure S4A-B). Additional Y2H tests showed that RRP6L1 also interacts with a 17 aa repeat plus DeCL
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subdomain polypeptide (NRPE1 amino acids 1426-1851), but not the 17 aa repeat subdomain alone (aa
1426-1651). Collectively, these results suggest that RRP6L1 can interact with both the DeCL and QS

subdomains of the Pol V CTD (Figure 4F).

One might expect that if RRP6L1 degrades Pol V transcripts, Pol V transcript levels would
increase in rrp6L 1 mutants, but this is not the case (Figure 5A). This led us to test the possibility that
RRP6L1 is non-functional as a nuclease. However, RRP6L1 expressed in insect cells (Figure S4A)
exhibits exonuclease activity, acting on single-stranded RNA that has a 3' hydroxyl group, but not single-
stranded RNA with a 3’ phosphate, single-stranded DNA, single-stranded RNA with secondary structure,

or double-stranded RNA with 100% basepairing (Figure 5B).

Our experimental evidence shows that RRP6L1 is a functional exonuclease that interacts with the
Pol V CTD, yet the Zhu lab has shown that RRP6L1 interacts with Pol V transcripts and somehow
stabilizes the RNAs in the context of chromatin (Zhang et al., 2014). A potential solution to this paradox
might be that RRP6L1 does not completely degrade Pol V transcripts, but merely trims their 3° ends,
analogous to yeast Rrp6p's trimming of several nuclear RNA species (Fox and Mosley 2016). To test this
hypothesis, we devised a modified 3> RACE procedure to amplify and sequence the 3' ends of RNAs at
known Pol V-transcribed loci (Table S4). At the IGN5B and IGN25 loci, where CHH methylation is
RRP6L1-dependent, the median length of transcript 3' ends increased in rrp6L1-1 and rrp6L1-2 mutants,
relative to wild-type (Figures 6A and 6B). In contrast, at IGN17, IGN23, IGN29 and IGN35, where
RRP6L1 has no effect on CHH methylation, transcript 3' end lengths were unaffected, or slightly shorter,
in rrp6L1 mutants (Figure 6C-D, Figure S5). Overall, these results suggest that at loci where CHH

methylation is dependent on RRP6L1, the exonuclease trims the 3” ends of Pol V transcripts.

As an independent test for longer than normal RNAs at RRP6L1-dependent loci, we examined
the IGNS locus, where Pol V-dependent transcripts can be readily detected by RT-PCR using a primer
pair defining what is termed amplicon 1 in Figure S5C. Interestingly, amplicon 1 RT-PCR signals are

elevated in mutants for Pol IV (nrpdl) or ago4, compared to wild-type, suggesting that Pol V transcript
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levels increase in the absence of AGO4 cleavage directed by Pol IV-dependent siRNAs. The RT-PCR
signals similarly increase in the rrp6L1-1 mutant, and are not further increased in an ago4 rrp6L1 double
mutant, suggesting functions in the same pathway. However, the signals are lost in 7#p6L1 nrpel double

mutants, confirming that Pol V transcripts are being monitored (Figure S5C).

Moving one PCR primer an additional 58 bp in the 3 direction defines a larger amplicon,
amplicon 2, for which corresponding RNAs are not detected in wild-type. However, amplicon 2
transcripts are detected above background levels in nrpdl, ago4, or rrp6L1 mutants, do not increase in
ago4 rrp6L1 double mutants, and are lost in rrp6L1 nrpel double mutants (Figure S5C). Collectively, we
interpret these RT-PCT results as evidence that RRP6L1 trims Pol V transcript 3' ends generated by

siRNA-directed AGO4 slicing.

Discussion

The CTD of NRPEI1 is essential for Pol V function in vivo, but not for Pol V subunit assembly,
nuclear localization or RNA polymerase activity in vitro. Thus, the reduced or undetectable levels of Pol
V transcripts in full CTD or DeCL subdomain deletion mutants suggests an important role for the CTD in
transcript production in context of chromatin, possibly affecting Pol V recruitment to target sites,
initiation, elongation, or transcript stability. Consistent with this interpretation, Pol V transcripts and
RdDM is similarly reduced in mutants for DRD1, a putative ATP-dependent DNA translocase, or DMS3,
a protein related to the hinge domains of cohesins and condensins (Wierzbicki et al. 2008; Wierzbicki et
al. 2009), that are components of a multi-protein complex (abbreviated DDR) needed for Pol V to be
detected at target loci by chromatin immunoprecipitation (Law et al. 2010; Zhong et al. 2012). Likewise,
the methylcytosine binding proteins SUVH2 and SUVHO are also critical for Pol V recruitment to

methylated target loci and interact with the DDR complex (Johnson et al. 2008; Liu et al. 2014).
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Importantly, the methylation profiles for suvh2 suvh9 double mutants, drdl, dms3, and nrpel mutants

lacking the full CTD or DeCL subdomain are similar (see Figure 4A).

Deleting the DeCL subdomain has nearly the same effect as deleting the entire CTD. Other CTD
subdomains are not as critical as the DeCL, but they significantly affect methylation at subsets of loci.
Interestingly, methylated loci dependent on the linker, 17aa repeat or QS subdomains are similarly
dependent on proteins that interact with Pol V or its transcripts, including SPT5L, the IDP complex
(IDN2, IDNL1, IDNL2), AGO6, or RRP6L1, implicating these CTD subdomains in co-transcriptional

steps of the RADM process.

Repeated peptide sequences are present in all plant NRPE1 CTDs, yet their number and sequence
varies widely, suggesting rapid evolution enabled by low selective pressure (Trujillo et al. 2016). In our
NRPE1 deletion mutant that removed all 12 of the 17 aa repeats, methylation was still rescued at ~60% of
Pol V-dependent loci, suggesting that these repeats are non-essential at most loci. The 17 aa repeats
account for the majority of WG/GW Ago-hook motifs in the CTD, and are the major site of AGO4
interaction with Pol V (El-Shami et al. 2007). Interestingly, a study published while this manuscript was
in preparation showed that restoring 17 aa repeats into the NRPE1ASD construct rescues DNA
methylation at affected loci, even upon changing the WG motifs to AG motifs, suggesting an unknown

function for the repeats other than AGO binding (Lahmy et al. 2016).

The QS subdomain, located at the extreme C-terminus of NRPE]1, is the least conserved feature
of plant NRPEI proteins, being present in A. thaliana but absent in other genera of the Brassicaceae
family, including the closely related species, A. lyrata. Although the QS subdomain can be deleted
without apparent consequence for Pol V function, its deletion has a synergistic effect when in
combination with deletion of the 17 aa repeat subdomain. The QS and DeCL subdomains each interact
with RRP6L1, suggesting that the QS subdomain may serve a recently evolved function that is at least

partially redundant with the functions of other CTD subdomains.
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Arabidopsis RRP6L1 was identified previously in a genetic screen for mutants disrupted in
RdDM and found to stabilize Pol V transcript associations with chromatin, despite being a predicted
exonuclease (Zhang et al., 2014). Our results provide several new insights, summarized in the model of
Figure 7. First, our biochemical evidence indicates that RRP6L1 is an exonuclease that requires RNA
with a free 3° hydroxyl group, which would be present at the end of Pol V transcripts following
termination and release, or would be present upon cleavage internally by an endonuclease, such as AGO4.
The fact that Pol V transcript levels are similarly elevated in ago4 and rrp6L1 mutants, or mutants
defective for siRNA biogenesis, is consistent with the latter hypothesis. Furthermore, Pol V transcripts
exist in cells as a mixed population of species possessing either a 5° triphosphate or 5° monophosphate,
indicative of both primary and sliced products (Wierzbicki et al. 2008; Wendte and Pikaard 2016). It is
noteworthy that AGO4 and RRP6L 1-interacting subdomains of the Pol V CTD are adjacent to one
another, such that siRNA-guided AGO4 slicing (Qi et al. 2006) may be coupled to RRP6L1 engagement
of resulting RNA 3' ends. /n vitro, RRP6L1 exonuclease activity is inhibited by RNA secondary structure,
suggesting that pausing at structured RNA regions might explain Zhang et al.'s finding that RRP6L1 helps
retain Pol V transcripts in chromatin, which could promote engagement of the Pol V transcript-binding

IDP complex and subsequent recruitment of the DNA methyltransferase, DRM2 (Figure 7).

The Pol V largest catalytic subunit gene, NRPE] clearly evolved from a duplicated copy of the
ancestral Pol II subunit gene, NRPBI, but the 3' exons of the two genes are unrelated, such that the CTDs
of the encoded proteins share no detectable sequence similarity. Pol II largest subunits in all eukaryotes
have CTDs composed entirely of repeating units of a heptapeptide whose consensus is YSPTSPS. These
heptad repeats can be phoshorylated in multiple patterns and play roles in virtually all aspects of Pol 11
activity, including recruitment to gene promoters, pre-initiation complex assembly, transcription
initiation, transcript elongation, addition of 7-methyguanosine caps to mRNA 5' ends, mRNA processing,
transcription termination and transcription-coupled chromatin modification (reviewed in: Zaborowska et

al. 2016). Pol V and Pol IV lack the heptad repeats of Pol II, and the CTD of Pol V is complex, spanning
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~700 amino acids and including simple repeats (QS), longer repeats (17 aa), and a subdomain related to a
chloroplast protein family (DeCL). Instead of serving as interaction sites for proteins important for
mRNA synthesis and processing, Pol V CTD subdomains mediate processes specific to RNA-directed
silencing, including Argonaute and RRP6L interactions. Further understanding of the molecular details of

CTD-mediated processes will likely help illuminate the full spectrum of Pol V functions.

Materials and Methods

Data availability

The deep sequencing data generated for this study have been deposited in NCBI's Gene
Expression Omnibus (Edgar et al. 2002) and are accessible through GEO Series accession number

GSE93360 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE93360).

Pre-publication reviewer access link:

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=mhchwsocfnmdngh&acc=GSE93360

Plant material

Arabidopsis thaliana mutant lines, nrpel-11 (Salk 029919), nrpdi-3 (Salk 128428), rrp6L1-1
(Salk 004432), rrp6L1-2 (Gabi 344G09) are available through the Arabidopsis resource center (TAIR)
and have been described previously (Onodera et al. 2005; Pontier et al. 2005; Zhang et al. 2014). The
ago4-1 mutant is described in (Wierzbicki et al. 2009). Plants were grown in soil in long day conditions

(16 hours light, 8 hours dark).

Targeted CTD deletion construct generation and plant transformation

The pENTR-NRPEI1 full-length genomic sequence with its endogenous promoter (Pontes et al.
2006) was recombined into pEarleyGate301 (Earley et al. 2006) to add a C-terminal HA tag. C-terminal

domain deletions were obtained by using the pENTR-NRPE1 genomic clone as a DNA template with
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reverse primers that truncated the 3’ end (see Table S5 for primer sequences). Pfu Ultra (Stratagene) was
used to amplify the sequences. The PCR products were gel purified and cloned into pENTR-TOPO S/D
(Invitrogen) before being recombined into pEarleyGate 301. Internal C-terminal domain deletions, nrpel
A1251-1426 and nrpel A1251-1651, were obtained by the SLIM method (Chiu et al. 2004), and nrpel
A1426-1651 was obtained using Stratagene cloning (now StrataClone from Agilent), using appropriate
primers (Table S5). pEarleyGate plasmids (10-50 ng) were transformed into Agrobacterium tumefaciens
which was used to transform nrpel-11 plants using the floral dip method (Bechtold and Pelletier 1998;

Clough and Bent 1998).

Immunoprecipitation and western blot analysis

Protein was extracted from frozen leaf tissue (4.0 g) as described in (Pontes et al. 2006). Protein
samples were subjected to SDS-PAGE run on Tris-glycine gels and transferred to nitrocellulose or PVDF
membranes. Antibodies were diluted in TBST + 5% (w/v) nonfat dried milk as follows: 1:500 NRPD/E2,
1:500 anti-NRPB/D/E11, and 1:3,000 anti-HA-HRP. Anti-rabbit-HRP (Amersham or Santa Cruz
Biotechnology) diluted 1:5,000 was used as secondary antibody for native antibodies. Rabbit antibodies
to NRPB11/NRPD11/NRPE11 (AT3G52090) were generated by Sigma and purified using immobilized

NRPB/D/E11 protein.

Chop PCR

Chop PCR methylation analyses described in Figure 2A and Figure 6 were conducted using DNA
extracted from 2.5 week old above ground plant tissues using the CTAB method (Murray and Thompson
1980). ~350 ng of DNA was double digested using the enzymes Alul and Haelll (NEB) at 37°C for 3
hours. PCR of regions of interest was conducted using GoTAQ Green (Promega) and primers described

in Table S5.
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RT-PCR

RNA for RT-PCR was extracted from ~2.5 week old above ground plant tissues. Semi-
quantitative RT-PCR analyses shown in Figure 2C and S5C were conducted as described in (Wierzbicki
et al. 2008).Quantitative real time PCR shown in Figure 5SA was conducted as described in (Rowley et al.

2013). All primer sequences are in Table S5.
In vitro transcription assays

In vitro transcription assays were conducted as described in (Haag et al. 2012) with the following
changes. Polymerases were immunoprecipitated from 4 g frozen leaf tissue as described previously,
except that 150 mM NaSO, and SmM MgSO, were used in extraction buffer in place of NaCl and MgCl,,
25 pl HA resin was used for the IP, and NP-40 was not added to the wash buffer. Resin-associated
polymerases were washed once with CB100 buffer (100 mM potassium acetate, 25 mM HEPES, pH 7.9,
20% glycerol, 0.1 mM EDTA, 0.5 mM DTT, 1 mM PMSF), resuspended in 50 pL CB100 buffer and
supplemented with 50 uL 2x transcription reaction buffer (120 mM ammonium sulfate, 40 mM HEPES,
pH 7.6, 20 mM magnesium sulfate, 20 uM zinc sulfate, 20% glycerol, 0.16 U/uL RNaseOUT , 20 mM
DTT, 2 mM ATP, 2 mM UTP, 2 mM GTP, 0.08 mM CTP, 0.2 mCi/mL alpha **P-CTP and 4 pmols of
template. Transcription reactions were incubated for 60 minutes at room temperature on a rotating mixer,
and stopped by addition of 50 mM EDTA and heating at 75 °C for five minutes. Reaction products were
enriched using PERFORMA spin columns (EdgeBio) as per manufacturer’s protocol and precipitated
using 1/10 volume of 3M sodium acetate, pH 5.2, 20 pg glycogen and 2 volumes isopropanol at -20°C
overnight. Precipitated RNA was resuspended in 5 pL. 2X RNA loading buffer (NEB), incubated at 70°C
for 5 minutes and loaded on to 15% denaturing polyacrylamide gels. Gels were transferred to Whatman

3MM filter paper, dried under vacuum for 2 hours at 80 °C, and subjected to phosphorimaging.

Templates for in vitro transcription were generated by using equimolar amounts (10 mM each) of

DNA template and the RNA primer were mixed in the annealing buffer containing 20 mM HEPES-KOH

18


https://doi.org/10.1101/111831
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/111831; this version posted March 14, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

(pH 7.6) and 100 mM potassium acetate. The mixture was boiled in a water bath and slowly cooled to

room temperature. Template sequences are in Table S5.

Bisulfite sequencing

100 ug of DNA extracted from ~2.5 week old above ground plant tissues was prepared for
Illumina sequencing using the TruSeq DNA methylation library prep kit according to the manufacturer’s
instructions. Libraries were generated using an Illumina NextSeq instrument. Detailed procedures for
mapping and analysis of bisulfite sequencing data are in the Supplemental Methods. Accession numbers

for previously published bisulfite sequencing data analyzed are in Table S1.

Small RNA sequencing

Small RNA sequencing for nrpel-11 was completed as described in (Blevins et al. 2015) by
Fasteris SA (http://www.fasteris.com/). Detailed procedures for mapping and analysis of sSRNA
sequencing data are in the Supplemental Methods. Accession numbers for previously published SRNA

data for Col-0 and nrpdI-3 are SRR2075819 and SRR2505369, respectively.

Yeast two hybrid analyses

Yeast two hybrid (Y2H) was performed by the Indiana University Yeast Two Hybrid Facility.
Briefly, an uncut custom cDNA Library for 4. thaliana in the entry vector, pENTR222 (Invitrogen) was
cloned into the prey vector, pPDEST22 using LR Clonase (Invitrogen). An NRPE1 ¢cDNA fragment
corresponding to amino acids 1851-1976 (QS domain) was cloned into the bait vector, pPDEST32, and
screening against the A. thaliana cDNA library was conducted in yeast strain MaV203 (Invitrogen).
Screening for interactions using lacZ assays, ura- media, and his- media containing 20mM or 100mM of
the HIS3 inhibitor, E-Amino-1, 2, 4 Triazol (3-AT) identified a clone corresponding to RRP6L1 amino
acids 421-635. Follow-up Y2H assays, shown in Figure 4, assessed the interaction of the RRP6L1 prey

(pDEST22) and NRPE1 bait (pDEST32) corresponding to amino acids 1426-1851 (repeat + DeCL
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domains), 1426-1651 (repeat domain), and 1851-1976 (QS) domain by detecting growth in the presence

of 20mM 3-AT on his- media. Primers utilized for cloning are in Table S5.

In vitro nuclease activity assays

To test for nuclease activity of heterologously expressed RRP6L1, 50 ng protein was added to a
50 ul reaction containing 1 ul 5 mM nucleic acid substrate and 1X Turbo DNase buffer (Ambion).
Reactions were placed at 25°C for 30 minutes and inactivated by cleaning with a Zymogen Oligo Clean
and Concentrate Kit according to the manufacturer’s protocol. Samples were visualized on 15%
denaturing polyacrylamide gels stained with Sybr Gold (Invitrogen). Negative controls included a no
protein control and the addition of an equal volume of nickel column purified protein extract from
uninfected insect cells. For positive controls, nucleic acid substrates were also digested with
commercially available Turbo DNase (2.5 U/reaction) (Ambion) or RNase A (100 ng/reaction) (Thermo

Scientific) at 37°C for 30 minutes. Template sequences are listed in Figure 5B.

3"RACE

RNA was extracted from ~2.5 week old above ground tissues. Since Pol V transcripts lack a poly-
A tail (Wierzbicki et al. 2008; Wendte and Pikaard 2016), a 3° poly-A tail was added to 10 ug RNA prior
to reverse transcription using commercially available Poly-A polymerase according to the manufacturer’s
protocol (NEB). Poly-A tailed RNA was cleaned using the Zymogen RNA clean and concentrate Kit.
RNA was reverse transcribed using SuperScript III (Invitrogen) with a oligo-d(T) primer that added
nested PCR primer binding sequences (Table S5). Primary PCR was performed on 1 pul cDNA using
Platinum Taq (Invitrogen) according to the manufacturer’s protocol with 3° RACE Primer 1 and the
appropriate gene specific primer (Table S5). Nested PCR was also performed with Platinum Taq on 0.6 ul
primary PCR product using 3’ RACE Primer 2 and the appropriate internal gene specific primer (Table
S5). PCR conditions for both PCR reactions were: 94°C 2 minutes, 35 cycles of (94°C 30 seconds, 60°C

30 seconds, 72°C 30 seconds). PCR product sizes were verified to be 500 basepairs or less on ethidium
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bromide-stained agarose gels, pooled, and cleaned using a Qiagen PCR clean-up kit according to the
manufacturer’s protocol. For preparation of 3’RACE products for Illumina sequencing, please see

supplemental methods.
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Figure Legends

Figure 1. Engineering and expression of Pol V largest subunit (NRPE1) proteins with deletions in the C-
terminal domain (CTD).

A. Diagram of the NRPE1 protein of Arabidopsis thaliana (ecotype Col-0), showing the relative positions
of domains A-H, conserved among multisubunit RNA polymerase largest subunits, and subdomains of
the CTD.

B. Diagrams of recombinant NRPE1 constructs tested in the study. All constructs were engineered to
have a C-terminal HA epitope tag, except ASD, described previously (El-Shami et al. 2007). Numbering
for deletion constructs denotes amino acid positions measured from the N-terminus.

C-D. Immunoblot assays following anti-HA immunoprecipitation of C-terminal (C) or internal (D) CTD
deletion constructs, with non-transgenic Col-0 serving as a control. Blots were probed using antibodies
recognizing the HA epitope tag on recombinant NRPE1 proteins, or recognizing the second-largest

subunit used by both Pol IV and Pol V, NRP(D/E)2. See also Figure S1.

Figure 2. Effects of NRPE1 CTD deletions on CHH cytosine methylation and Pol V transcript
abundance. Recombinant forms of NRPE1 were expressed in the nrpel-11 mutant background and tested
for their ability to restore wild-type (ecotype Col-0) levels of methylation or Pol V transcript abundance.
A. Chop-PCR assays testing methylation at Alul or Haelll restriction endonuclease recognition sites at
loci subjected to Pol V-dependent RNA-directed DNA methylation (RdADM). Transgenic lines expressing
full-length NRPE1, or NRPEI1 proteins bearing the indicated CTD deletions (shaded gray and denoted
with the Greek symbol, A) are compared to wild-type (Col-0) and nrpel-11 controls. IGN5A and IGN5B
are different PCR amplicon intervals in the same regions, with A being intergenic and B corresponding to
sequences internal to a LINE element methylated and silenced by RADM (see Wierzbicki et al, 2008).

B. Box plots displaying overall cytosine methylation levels, determined by whole-genome bisulfite
sequencing, within CHH motifs of Pol V-dependent differentially methylated regions (DMRs). Data for

independent replicates conducted for each genotype are shown.
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C. RT-PCR detection of RNAs at ten Pol V-transcribed intergenic loci (IGN loci) and retrotransposon
family, AtSN1 (PCR interval B; see Wierzbicki et al, 2008). TUBS (Tubulin), transcribed by Pol 11, serves
as a Pol V-independent control.

D. Full length NRPE1 and NRPE1 missing the entire CTD have similar transcription activities, in vitro.
NRPEI proteins were immunoprecipitated from cell-free extracts of transgenic plants by virtue of C-
terminal HA epitope tags. An immunoprecipitation fraction of non-transgenic Col-0 cell-free extract
serves as a negative control. Relative protein input levels were compared by immunoblotting using anti-
NRP(B/D/E)11 to detect the 11th subunit, common to Pols II, IV and V. The NRPE1 fractions were
incubated with a DNA oligonucleotide template hybridized to a RNA primer. Transcription products are
labeled by virtue of incorporation of **P-CTP and visualized by phosphorimaging (Haag et al, 2012). See

also Figures S2-S3, and Tables S1-S2.

Figure 3. Functional relationships among Pol V CTD subdomains.

A. Heatmap of % CHH methylation levels, depicted in shades of green, within Pol V DMRs for CTD
deletion mutants, wild-type (Col-0) and nrpel-11 controls, arranged via clustering analysis.

B-D. Venn diagrams showing subsets of the 2,259 total Pol V CHH DMRs that remain significantly
hypo-methylated (un-rescued) when the indicated CTD mutants are expressed in the nrpel mutant
background. nrpel A1251-1651 and nrpel ASD in (D) collectively represent deletions in the linker,
repeat, and QS subdomains, thus the subset of DMRs un-rescued by both constructs are referred to as
LRQ DMRs.

E. Box plot of % CHH methylation in wild type plants within all Pol V CHH DMRs, compared to the 921
LRQ DMRs defined in panel D.

F. Box plot showing the ratio of siRNA levels (in reads per million; RPM) in nrpdi-3 and nrpel-11
mutants relative to wild-type Col-0. Total Pol V DMRs (white) are compared to the 921 LRQ DMRs

defined in panel D (red). See also Table S2.
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Figure 4. Methylation defects resulting from Pol V CTD deletions resemble defects observed in other
RdDM mutants.

A. Heatmap and clustering analysis of % CHH methylation at Pol V DMRs, comparing CTD mutants,
other RADM pathway mutants (suvh2 suvh9, dms3, drdl, ago4, ago6, idn2 idnll idni2, rrp6L1, spt5), and
wild-type (Col-0) and nrpel-11 controls.

B-E. Venn diagrams comparing total Pol V CHH DMRs, and LRQ DMRs in combination with DMRs
dependent on idn2/idnll/idnl2 (B), spt5L (C), rrp6L1 (D), or ago6 (E).

F. Yeast two hybrid (Y2H) interaction tests for Pol V CTD subdomains (“Bait”) and RRP6L1 aa 426-635
(“Prey”). Each bait was also tested against empty vector (pDEST22) controls. SC-L-T-H refers to media
lacking leucine, tryptophan and histidine (top panel). Bait-prey interaction allows growth in the presence
of 20 mM E-Amino-1, 2, 4 Triazol (3-AT), a HIS3 inhibitor (bottom panel). See also Figure S4 and

Tables S1 and S2.

Figure 5. The CTD-interactor, RRP6L1 is a 3’ to 5 exonuclease

A. Quantitative RT-PCR of Pol V-transcript levels in the wild-type (Col-0), nrpel-11 or rrp6L 1 mutants
at three IGN loci. Histograms show ratios of ACt (Ct - Ctu.n2) values in the indicated genotypes relative
to Col-0. Error bars represent the propagated standard error of the mean for 3 technical replicates.

B. SYBR gold-stained polyacrylamide gels of RNA or DNA substrates following incubations with DNase
I, RNase A, RRP6L1 expressed in insect cells from a baculovirus vector, or buffer (no protein). No
infection controls are cell-free extracts of insect cells not infected with baculovirus but otherwise treated

the same as for RRP6L1 extracts. See also Figure S4.

Figure 6. Evidence for RRP6L1 trimming of Pol V transcript 3’ ends. Chop-PCR and 3’ RACE results
for Pol V transcribed loci: A. IGN5, B. IGN25, C. IGN23, D. IGN35. Chop PCR was conducted with the
enzymes Haelll or Alul, both of which are inhibited by CHH methylation. Box plots show 3’ end lengths
in basepairs, measured from the internal gene specific primer used in the 3 RACE reactions to the ends
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of the RNAs. See also Figure S5 and Table S4.

Figure 7. Model for CTD-mediated coordination of AGO4 transcript cleavage and RRP6L1 engagement
of cleaved RNA 3' ends. AGO4 and RRP6L1 bind adjacent subdomains of the NRPE1 CTD, such that co-
transcriptional slicing of Pol V transcripts by AGO4, guided by basepaired 24 nt siRNAs, may be coupled
to RRP6L1 engagement of cleaved RNA 3’ ends. RRP6L1's trimming of Pol V transcripts, with pausing
at sites of secondary structure, may facilitate RNA retention, allowing Pol V transcript-binding proteins,
such as the IDP complex, to recruit the de novo cytosine methyltransferase, DRM?2 to cleaved RNAs

while Pol V transcription of nascent RNA continues.
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Supplemental Information

Supplemental Methods

Nuclear immunolocalization

For immunolocalization experiments, nuclei from 4-week old plants were fixed in 4%
formaldehyde and incubated overnight at 4°C with antibodies recognizing the C-terminal HA epitope of
NRPEI1 transgene products, as described in (Pontes et al. 2006). Chromatin was counterstained with

DAPI.

Southern blot methylation assays

For the Southern blot analyses described in Figure S2, 250 ng DNA was digested with Hpall or
Haelll (NEB) and subject to agarose gel electrophoresis and transfer to uncharged nylon membranes.
Membranes were probed with a 5S rDNA gene probe generated by random priming of a full length 5S

gene PCR product amplified from clone pTC4.2 (Campell et al. 1992).

RT-PCR

The RT-PCR shown in Figure S2B was conducted using ~1 pg RNA. RNA was treated with RQ1
DNase (Promega) and used to generate random-primed cDNA using degenerate dAN6 primers (NEB) and
Superscript 111 Reverse Transcriptase (Invitrogen) according to the manufacturer's instructions. PCR was
conducted with GoTaq green (Promega) using primers listed in Table S5. PCR products were analyzed by

agarose gel electrophoresis.

SRNA blot
RNA was isolated from 350 mg inflorescence tissue using a mirVana miRNA isolation kit

(Ambion). 9.5 pg RNA was resolved by denaturing polyacrylamide gel electrophoresis on a 20% (w/v)
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gel. Gels were electroblotted (20 mA/cm2 for 2 hours) to Magnacharge nylon membranes (0.22 pm;
Osmonics) using a semidry transfer apparatus. Riboprobes were generated using the mirVana probe
construction kit (Ambion) using oligonucleotides specific for a given small RNA and labeling by T7
polymerase transcription in the presence of a-32P CTP. DNA oligonucleotides are listed in Table S5.
Blots were hybridized in 50% formamide, 0.25 M Na2HPO4 (pH 7.2), 0.25 M NaCl, 7% SDS at 42°C
(14-16 hours) followed by two 15 minute washes at 37°C in 2x SSC, two 15 minute washes at 37°C in

2x SSC, 0.1% SDS, and a 10 minute wash in 0.5x SSC, 1% SDS.

Heterologous protein expression

Arabidopsis thaliana RRP6L1 cDNA, minus the stop codon, was amplified from total RNA using
primers described in Table S5. cDNA clones were recombined into the Baculovirus expression system
and expressed in S9 cells using the Baculo-Direct kit according to the manufacturer’s protocol
(Invitrogen). Transformed viruses expressed RRP6L1 modified with a C-terminal 6X His and V5 tag.
Protein was purified from P3 virus infected 75 ml Sf9 cultures after incubation for 72 hours. Cells were
pelleted by centrifugation at 150 x g for 2 minutes and washed twice with 1X PBS. After the second
wash, cells were suspended in binding buffer (0.5 M NaCl, 20 mM Tris-HCI pH 8, 5 mM imidazole) and
lysed via sonication with a Biorupter UCD-200 sonicator at 4°C with the settings at Low for 1 minute,
and intervals of 10 seconds on, 10 seconds off. Lysate was cleared by centrifugation at 14,000 x g for 20
minutes. Protein was purified from cell extract using Novagen HisBind slurry according to the

manufacturer’s protocol. For negative controls, uninfected cells were subject to the same protocol.

In vitro interaction assays

To test for interaction of insect cell expressed RRP6L1 and the QS subdomain of the NRPE1
CTD, the region encoding amino acids 1851-1976 of the NRPE1 ¢cDNA was amplified and cloned into
pDEST15 (Invitrogen) (Table S5). The f-Glucuronidase (GUS) reporter gene, also expressed in

pDEST15, was used as a negative control. Vectors were expressed E. coli BL21-Al One-Shot chemically
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competent cells grown in LB broth supplemented with 50ug/ml Carbenicillin. For protein expression, 2.5
ml overnight culture was added to 50 ml LB broth (50 pg/ml Carbenicillin), which was incubated at 37°C
at 225 rpm until an OD600 was reached (~45 minutes). Expression was induced by the addition of L-
arabinose to a concentration of 0.2% and cultures were incubated for a further 3 hours. Cells were then
pelleted by centrifugation at 10,000 x g for 10 minutes. Pellets were suspended in 10 ml cold binding
buffer (140 mM NacCl, 2.7 mM KCI, 10 mM K,HPO,, 1.8 mM KH,PO,, pH 7.4) and lysed via sonication
with a Biorupter UDC 200 for 10 minutes on High, 30 seconds on, 30 seconds off. Supernatant was
cleared twice by centrifugation for 10 minutes at 10,000 x g and then added to a column containing 300
ul Glutathione Sepharose 4B slurry (Amersham) that had previously been equilibrated with 2 washes of 5
ml binding buffer. Supernatant was incubated with glutathione slurry for 2 hours with end over end
rotation at 4°C. Sepharose was washed 2X with 10 ml binding buffer, followed by the addition of 450 ng
insect cell expressed RRP6L1 suspended in 10 ml binding buffer. Columns were incubated overnight with
end over end rotation at 4°C. Sepharose was then washed 3 times with 10 ml binding buffer. Sepharose or
flow-through fractions were suspended in SDS page buffer and western blots were performed as
described in the section, Immunoprecipitation and western blot analysis, using commercially available

anti-GST or anti-V5 antibodies.

Bisulfite sequencing analyses

Base calling, adapter trimming, and read size selection (>/= 35bp) was performed using bcl2fastq
v2.16.0.10. Reads were further quality processed to remove end methylation bias and low quality reads
using Cutadapt version 1.9.1 (Martin 2011) with the following commands:

cutadapt-U 7 -u 2 -q 25
Cleaned reads were mapped to the Arabidopsis thaliana TAIR10 genome, followed by the removal of
PCR duplicates, and extraction of methylation information for cytosines with a minimum of 5 read

coverage using Bismark version 0.16.1 default settings (Krueger and Andrews 2011). The bisulfite
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conversion rate was calculated based on the number of methylated cytosines divided by total mapped
cytosines (converted and un-converted) to the chloroplast genome.

Differently methylated regions (DMRs) were defined using information for cytosine in the CHH
context for all genotypes relative to Col-0 using the R package methylKit version 0.9.5 (Akalin et al.
2012). Default methylKit commands were used with the following parameters: The genome was split into
300 base pair sliding windows with a step size of 200 base pairs and a minimum coverage requirement for
each window of 10 informative cytosines with at least 5 read coverage each. Significant hypo-DMRs
were defined as those regions with a minimum 25% decrease in methylation relative to Col-0 and a q-
value of less than or equal to 0.01. To quantify the number of DMRs in each line, overlapping DMRs
were merged into a single region. To quantify percent methylation across regions of interest, the
methylKit regionCounts function was utilized with the genomic coordinates of interest input as a bed file.
In box plots, outliers 1.5 times the interquartile range beyond the upper or lower quartile were omitted.
Box plots were generated using the boxplot command in R and heatmaps and clustering analyses were
generated using the heatmap2 R package with the default clustering method. Differentially methylated

regions defined for each genotype are available in Table S2.

SRNA sequencing analyses
Raw reads were adapter and quality trimmed and size selected using Cutadapt version 1.9.1 using
the following commands:
cutadapt -a TGGAATTCTCGGGTGCCAAG -q 20 -m 15 -M60
Reads were first filtered of all structural RNAs (tRNAs, rRNAs, snRNAs, and snoRNAs) by
mapping to a genome consisting of sequences corresponding to all genomic coordinates identified as
structural RNAs on TAIR (www.arabidopsis.org) using bowtie2 default commands. All unmapped reads
were saved for further analysis.
Filtered and cleaned reads were mapped to the Arabidopsis TAIR10 genome using

ShortStack version 3.4 default settings (Johnson et al. 2016). SRNA counts for regions of interest were
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extracted from bam files using the ShortStack --locifile file function. Counts were normalized as reads per

million based on total mapped reads.

3’RACE amplicon sequencing

Pooled and cleaned PCR products for each genotype (up to 1.2 pg) were prepared for Illumina
sequencing with NEBnext end repair enzyme and Klenow fragment (3’-5” exo -) from NEB according to
the manufacturer’s protocols. After each enzyme treatment, products were cleaned with the Zymogen
Clean and Concentrator-5 kit. Adapters (NextFlex PCR free DNA barcodes from BIOO Scientific) were
ligated to end repaired, A-tailed PCR products using T4 DNA ligase (NEB) according to the
manufacturer’s protocol at 16°C for 2 hours. Libraries were cleaned using 1 volume AMPure XP beads
(Beckman Coulter) according to the manufacturer’s instructions and quality checked and quantified with
an Agilent Tapestation. 250 basepair single end reads were generated on an Illumina MiSeq by the
Indiana University Center for Genomics and Bioinformatics (IU CGB).

Base calling and adapter trimming was performed using bcl2fastq v2.16.0.10 by the IU CGB.
Reads were further processed with the following steps to ensure that only reads containing true 3’ end
sequences were included in further analyses. Reads were first selected for and trimmed of the 3> RACE
Primer 2 sequence using Cutadapt version 1.9.1 with the following commands:

cutadapt -g ctactactaggccacgcgtcgactagtac -q 20,20 -m 15 --discard-untrimmed
Reads were then selected for and trimmed of the artificially added poly-A tail with the following:

cutadapt -g "t(210)" -m 15 --discard-untrimmed
Trimmed reads were then mapped to sequences extracted from the A. thaliana TAIR10 genome
corresponding to the PCR target regions (consisting of genomic sequences from the following
coordinates: Chr4: 2318164-2323164 (IGN5 top strand); Chr4: 2323282-2328282 (/GN5 bottom strand);
Chr4: 2577970-2582970 (IGN23); Chrd: 5459147-5464147 (IGN25); Chr2: 15314824-15319824
(IGN29); Chr4: 6549057-6554057 (IGN35); Chrl: 13585635-13590635 (IGN17) using bowtie2 in local

alignment mode (Langmead and Salzberg 2012). SAM output files were converted to bam files, sorted,
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indexed, and split into individual bam files for each PCR target region using samtools (Li et al. 2009).
Bam files were converted to bed files using bedtools (Quinlan and Hall 2010). Bed files were further
filtered for high quality mapping scores (MapQ >= 40) and reads that mapped to the appropriate strand,
selected for by the GSP. Read coordinates in the bed files were used to calculate the 3’ end lengths
relative to the coordinate of the 3” end of the internal gene-specific primer. Boxplots of relative 3’ end

lengths reported in Figures 6 and S5 were generated using the R boxplot function.

Table S1. Genome wide bisulfite sequencing stats. Related to Figures 2 and 4.
Table S2. Differentially methylated regions. Related to Figures 2, 3, and 4.

Table S3. sSRNA sequencing data for DMRs. Related to Figure 3F.

Table S4. Read counts for 3 RACE deep sequencing. Related to Figure 6 and S5.

Table S5. Oligonucleotides used in this study. Related to Methods.

Figure S1. Nuclear immunolocalization of full-length NRPE1 and NRPE1 missing the CTD (A1251-
1976). Related to Figure 1. Nuclei were fixed using formaldehyde and incubated with anti-HA antibodies
recognizing the HA epitope tag at the C-termini of the recombinant proteins. Nuclei of non-transgenic
Col-0 serve as a negative control. Nuclei were counterstained with DAPI. Dark, DAPI-negative regions,
appearing as black holes, are nucleoli. Bright Pol V foci frequently observed at the edges of the nucleoli
(apparent in the top two rows of images) correspond to Cajal bodies. The number of nucleoli examined,
and the frequency of localization patterns that resemble the representative images shown, are provided to
the right of the images. Note that Pol V assembled using NRPE1 that is missing the CTD displays a
nuclear localization pattern only subtly different from that observed for full-length NRPE1. Whereas full-
length NRPE1 is present in a larger number of concentrated foci, CTD-deleted NRPE1 tends to be more

diffuse, or present in smaller, punctate foci.


https://doi.org/10.1101/111831
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/111831; this version posted March 14, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Figure S2. Consequences of NRPE1 CTD deletions on 5S rRNA gene silencing, AtSN1 transposon
silencing and siRNA abundance. Related to Figure 2.

A. Southern blot analysis of 5S rRNA gene repeats after digestion with the methylation sensitive
enzymes, Haelll or Hpall. Decreased cytosine methylation results in increased digestion, and smaller
products. Note the importance of the DeCL domain, and the combinatorial effects of deletions affecting
the linker plus 17 aa repeat subdomains or 17aa repeat plus QS subdomains, which have greater effect
than deletions of the individual subdomains.

B. RT-PCR analysis of 4tSNI retrotransposon transcripts generated when Pol V-dependent silencing is
lost. Actin and GAPA are Pol 1I transcribed genes included as positive controls. Note that silencing is lost
if the DeCL subdomain is deleted.

C. Northern blot analysis of Pol IV and Pol V-dependent 24nt siRNAs corresponding to AtCopia
transposons or 45S rRNA gene repeats. miR171 and miR163 are 21nt micro RNAs unaffected by the
RdDM pathway, included as positive controls. Note that siRNA levels are reduced when the DeCL

subdomain is deleted.

Figure S3. Overlap between CHH DMRs that become hypomethylated in the nrpel-11 mutant and
DMRs that remain hypomethylated (un-rescued) in each CTD deletion line. Related to Figure 2. All

DMRs are defined relative to methylation levels in wild-type Col-0 (see Methods for details).

Figure S4. RRP6L1 expressed in insect cells physically interacts with the QS subdomain of NRPE1.
Related to Figures 4-5.
A. Coomassie stained gel showing purified RRP6L1, uninfected cell lysate and a Bovine Serum Albumin

(BSA) dilution series. Recombinant RRP6L1 was engineered to have C-terminal His and V5 tags and was
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expressed in insect cells using a baculovirus vector. The His-tag allowed the protein to be purified using
nickel affinity resin.

B. In vitro assay for RRP6L1 interaction with the QS domain (aal1851-1976) of the Pol V CTD. GST-
fused to a QS domain polypeptide or a GUS protein control were expressed in bacterial cells and
immobilized on glutathione sepharose resin. The resins were then incubated with RRP6L1, and washed
extensively to remove unbound protein. RRP6L1 was retained on the resin with immobilized GST-QS
peptide, but not the GST-GUS control resin, as shown by SDS-PAGE and immunoblot analyses of resin
and flow-through fractions using anti-V5 (recognizing the epitope tag on RRP6L1) or anti-GST

antibodies.

Figure S5. Evidence of RRP6L1 trimming of Pol V transcript 3' ends is not detected at loci where
methylation is not dependent on RRP6L1. Related to Figure 6 and Table S4. Bisulfite sequencing and 3’
RACE results for Pol V dependent transcripts from: A. IGN17 (Chrl: 13585614-13585914) and B.
IGN29 (Chr2: 15314700-15315000). Histograms show %CHH methylation measured by whole genome
bisulfite sequencing. Box plots show the measured 3’ end lengths in basepairs relative to the internal gene
specific primer used in the 3> RACE PCR. C. RT-PCR of the Pol V-dependent transcript /GNS5. Strand-

specific RT was performed such that Amplicon 2 detects products with extended 3’ ends.
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Wendte et al. Figure S5

A. Locus: IGN17 B Locus: IGN29 C. IGN5SB genomic locus: Chr. 4: 2323890-2323730

Bisulfite sequencing: Bisulfite sequencing: AT4TE10770 Intergenic AT4TE10775
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Uniquely

%

De-

ChrC

ChrC

9 -
Sample Accession Source Reads Mapped Uniquely duplicated X mapped methylated % C(?n
. Coverage ) . version
reads Mapping reads cytosines cytosines

Col-0 repl GSM2451991 | This Study | 44,460,982 | 28,174,303 63.37% 18,209,996 21.61 144,836,404 546,268 99.62%

nrpel-11repl GSM2451993 | This Study | 40,333,481 | 26,492,991 65.68% 17,792,319 21.11 133,795,491 473,114 99.65%

NRPE1 full length repl GSM2451995 | This Study | 38,013,343 | 24,809,228 63.57% 16,762,607 19.89 122,987,872 455,828 99.63%

nrpel A1251-1651 repl | GSM2452013 | This Study | 39,404,933 | 25,049,535 65.51% 16,831,751 19.97 134,435,407 559,419 99.58%

nrpel A1736-1976 repl GSM2452005 | ThisStudy | 42,908,764 | 28,108,382 65.51% 18,273,998 21.68 155,434,322 622,802 99.60%

nrpel ASD repl GSM2452015 | ThisStudy | 50,595,778 | 32,648,309 64.53% 20,377,533 24.18 145,903,463 528,060 99.64%

nrpel A1251-1976 repl GSM2451997 | This Study | 53,439,616 | 34,979,265 65.46% 22,291,361 26.45 133,919,257 566,206 99.58%

nrpel A1426-1976 repl GSM2451999 | ThisStudy | 51,368,333 | 33,002,962 64.25% 21,801,303 25.87 104,634,789 424,011 99.59%

nrpel A1566-1976 repl GSM2452001 | ThisStudy | 56,843,693 | 36,706,316 64.57% 23,284,990 27.63 127,791,392 519,814 99.59%

nrpel A1651-1976 repl GSM2452003 | This Study | 53,562,928 | 35,115,705 65.56% 22,913,656 27.19 135,499,575 522,918 99.61%

nrpel A1851-1976 repl | GSM2452007 | This Study | 55,574,617 | 35,954,311 64.70% 23,483,894 27.87 118,852,143 475,319 99.60%

nrpel A1251-1426 repl GSM2452009 | ThisStudy | 53,129,033 | 34,028,642 64.05% 21,626,413 25.66 153,671,866 591,426 99.62%

nrpel A1426-1651 repl GSM2452011 | ThisStudy | 52,653,935 | 32,656,149 62.02% 20,765,787 24.64 158,511,978 657,066 99.59%

Col-0 rep2 GSM2451992 | This Study | 38,733,453 | 24,915,519 64.33% 17,430,896 20.68 107,648,039 507,038 99.53%

nrpel-11rep2 GSM2451994 | This Study | 47,986,860 | 32,613,597 67.96% 20,687,953 24.55 167,076,843 666,888 99.60%

NRPE1 full length rep2 GSM2451996 | ThisStudy | 39,119,926 | 25,903,331 66.22% 17,207,809 20.42 117,907,853 451,212 99.62%

nrpel A1251-1651 rep2 GSM2452014 | This Study | 40,469,664 | 27,130,551 67.04% 17,310,659 20.54 147,108,843 553,722 99.62%

nrpel A1736-1976 rep2 GSM2452006 | ThisStudy | 42,943,982 | 28,722,593 66.88% 18,348,619 21.77 158,837,642 639,988 99.60%

nrpel ASD rep2 GSM2452016 | ThisStudy | 53,753,337 | 35,075,045 65.25% 20,982,367 24.90 181,096,087 612,749 99.66%

nrpel A1251-1976 rep2 GSM2451998 | ThisStudy | 37,542,631 | 24,504,676 65.27% 14,985,591 17.78 96,626,985 409,069 99.58%

nrpel A1426-1976 rep2 GSM2452000 | ThisStudy | 44,592,352 | 28,924,727 64.86% 18,355,489 21.78 108,448,450 440,344 99.59%

nrpel A1566-1976 rep2 GSM2452002 | ThisStudy | 47,837,147 | 31,523,368 65.90% 19,758,216 23.45 105,286,294 439,365 99.58%

nrpel A1651-1976 rep2 GSM2452004 | ThisStudy | 40,852,904 | 27,256,676 66.72% 19,002,414 22.55 84,571,586 328,210 99.61%

nrpel A1851-1976 rep2 GSM2452008 | ThisStudy | 51,011,863 | 34,050,659 66.75% 21,615,480 25.65 125,382,330 482,896 99.61%

nrpel A1251-1426 rep2 GSM2452010 | ThisStudy | 41,468,051 | 28,087,846 67.73% 17,838,446 21.17 136,594,443 642,013 99.53%

nrpel A1426-1651 rep2 GSM2452012 | This Study | 46,546,645 | 30,612,248 65.77% 18,737,480 22.23 164,427,854 609,330 99.63%

agod SRR534197 Stroud et. | 275864062 141822231 51.41% 72,649,618 30.35 2,132,733 32,465 98.48%
al 2013

ago6 SRR534199 Stroud et. 264475851 | 155448950 58.78% 79,669,287 33.29 2,109,298 33,817 98.40%
al 2013

idn2/idnl1/idni2 SRR534236 Stroud et. 297740753 191836596 64.43% 98,476,031 41.15 2,159,170 9,851 99.54%
al 2013

spt5L/ktf1 SRR534238 Stroud et. 228175457 | 135524716 59.39% 71,571,920 29.90 2,129,739 20,346 99.04%
al 2013

rrp6L1 SRR960246 Zhang et. 22546460 18,235,132 80.88% 17,553,435 26.40 75,322,021 271,250 99.64%
al 2014

dms3 SRR534216 Stroud et. 121938777 | 59,497,931 48.88% 38,079,894 15.91 1,975,813 12,519 99.37%
al 2013

drd1 SRR534221 Stroud et. 276695439 164579432 59.48% 78,002,308 32.59 2,148,153 24,427 98.86%
al 2013

suvh2/suvh9 SRR1023830 Johnson 120048009 | 73,916,597 61.57% 44,319,269 18.52 2,130,682 27,182 98.72%

et. al 2014

Table S1. Genome wide bisulfite sequencing stats. Related to Figures 2 and 4.
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IGN5 top | IGN5 btm | IGN23 IGN25 IGN35 IGN17 IGN29

Col-0 8,539 22,079 21,930 | 28,398 14,377 27,611 18,555
nrpel-11 0 4 248,926* 2 3 2 3

rrp6L1-1 12,888 17,850 24,308 | 10,636 20,028 9,307 14,880

rrp6L1-2 6,999 11,627 15,845 12,843 13,641 18,209 9,140

Table S4. Read counts for 3’ RACE deep sequencing. Related to Figure 6 and S5. *Reads also
mapped to a highly similar TE gene, AT3G43686, suggesting a spurious amplification of a
derepressed TE in this line. This sequence was filtered from all samples before further analyses
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