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RNA polymerases IV and V (Pol IV and Pol V) are required for the generation of noncoding RNAs in RNA-directed DNA
methylation (RdDM). Their subunit compositions resemble that of Pol II. The mechanism and accessory factors involved in
their assembly remain largely unknown. In this study, we identified mutant alleles of MINIYO (IYO), QUATRE-QUART2 (QQT2),
and NUCLEAR RNA POLYMERASE B11/D11/E11 (NRPB/D/E11) that cause defects in RdDM in Arabidopsis thaliana. We
found that Pol IV-dependent small interfering RNAs and Pol V-dependent transcripts were greatly reduced in the mutants.
NRPE1, the largest subunit of Pol V, failed to associate with other Pol V subunits in the iyo and qqt2 mutants, suggesting the
involvement of IYO and QQT2 in Pol V assembly. In addition, we found that IYO and QQT2 were mutually dependent for their
association with the NRPE3 subassembly prior to the assembly of Pol V holoenzyme. Finally, we show that IYO and QQT2 are
similarly required for the assembly of Pol II and Pol IV. Our findings reveal IYO and QQT2 as cofactors for the assembly of Pol
II, Pol IV, and Pol V and provide mechanistic insights into how RNA polymerases are assembled in plants.

INTRODUCTION

DNA methylation is an important epigenetic mechanism that
regulates gene expression, silences transposable elements, and
safeguards genome stability. In Arabidopsis thaliana, DNA
methylation occurring in all CG, CHG, and CHH sequence con-
texts (H represents either A, T, or C) can be established through an
RNA-directed DNA methylation (RdDM) pathway (Matzke et al.,
2009; Law and Jacobsen, 2010).

RdDMentailstwoplant-specificRNApolymerases,RNApolymerase
IV (Pol IV) and Pol V, which generate 24-nucleotide small interfering
RNAs(siRNAs)(Herretal.,2005;Kannoetal.,2005;Onoderaetal.,2005)
and long intergenic noncoding (IGN) RNAs, respectively (Wierzbicki
et al., 2008). Pol IV-dependent siRNAs are primarily incorporated into
ARGONAUTE4 (AGO4) in the cytoplasm and then reenter the nucleus
(Yeet al., 2012),wherePol V-dependent IGNscaffold transcripts recruit
siRNA/AGO4 complexes and DOMAIN REARRANGED METHY-
TRANSFERASE2 (DRM2) to target loci to direct DNA methylation
(Wierzbickietal.,2009;Zhongetal.,2014).PolVcanalsoregulatesiRNA
biogenesis, likely through a feedback regulation between DNA meth-
ylation and siRNA production (Pontier et al., 2005; Li et al., 2006).

The subunit compositions of Pol IV and Pol V largely resemble
that of Pol II, which mainly transcribes mRNAs and microRNAs
(miRNAs) (Reametal., 2009; Lawetal., 2011). InArabidopsis,Pol II

also transcribes long scaffold IGN transcripts, which assist the
recruitment ofPol IV andPol V toRdDM-targeted loci (Zhenget al.,
2009). Pol IV, Pol V, and Pol II each consist of 12 subunits, which
are termed NUCLEAR RNA POLYMERASE D (NRPD), NRPE, and
NRPB (RPB in yeast and human cells) subunits, respectively
(Reametal., 2009; Lawetal., 2011).AlthoughPol IVandPolVhave
unique catalytic subunits (NRPD1, NRPE1, and shared NRPD/E2)
compared with Pol II (NRPB1 and NRPB2), many other Pol IV and
Pol V subunits have identical counterparts in Pol II, indicating that
Pol IV andPol Vevolved fromPol II (Reamet al., 2009; Tucker et al.,
2010; Wang and Ma, 2015).
Ourcurrentunderstandingof theassemblyofRNApolymerases

comes from studies of Pol II in yeast and humans, which revealed
that the formation of a RPB3/RPB11 heterodimer initiates the
assembly (Kolodziej andYoung,1991;Kimuraetal., 1997).RPB10
and RPB12 associate with the RPB3/RPB11 heterodimer to form
a RPB3 subassembly, which is subsequently bound by a RPB2
subassembly comprising RPB2 and RPB9 and a RPB1 sub-
assembly including RPB1, RPB5, RPB6, and RPB8. Finally,
a RPB4/RPB7 subassembly attaches to the 10-subunit core
enzyme (WildandCramer, 2012).RPAP1,RPAP2,GrinL1a,GPN1,
GPN2, andGPN3were identified to bePol II assembly factors that
associate with the RPB3 subassembly, whereas RPAP3 (hSpagh)
and the R2TP/Prefoldin-like complex bind and stabilize the RPB1
subassembly (Boulon et al., 2010). The process of Pol II assembly
takes place in the cytoplasm and the Pol II-specific import factor
Iwr1 moves completely assembled Pol II into the nucleus (Czeko
et al., 2011). How plant Pol II as well as Pol IV and Pol V are as-
sembled remains largely unknown.
In this study, we isolated viable point mutant alleles ofMINIYO

(IYO) (Sanmartín et al., 2011), QUATRE-QUART2 (QQT2) (Lahmy
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et al., 2007), and NUCLEAR RNA POLYMERASE B11/D11/E11
(NRPB/D/E11) in a forward genetic screen designed to identify
RdDM pathway components. The accumulation of 24-nucleotide
siRNAs and IGN transcripts, as well as DNA methylation, espe-
cially in CHG and CHH contexts, were severely compromised in
thesemutants, suggesting impairedPol IV andPol V activities.We
further found that IYO and QQT2 associated with the NRPE3
subassembly to assist the assembly of Pol V holoenzyme. Finally,
we found that IYO and QQT2 are also required for the assembly
of Pol II and Pol IV. Our study thus provides insights into the
mechanism of the assembly of RNA polymerases in plants.

RESULTS

A Forward Genetic Screen Identifies IYO, QQT2, and NRPB/
D/E11 as Components in the Arabidopsis RdDM Pathway

AGO4 requires siRNA loading to become stable (Li et al., 2006).
Thus, a screen formutants defective inAGO4stabilitywould allow
us to identify components required for siRNA accumulation. We
usedanArabidopsis transgenic lineexpressingN-terminallyGFP-
tagged AGO4 (GFP-AGO4) under the control of the native AGO4
promoter (L1) (Figure 1A) (Ye et al., 2012) for such screen. The
efficacy of this screenwas validated by introducing the nrpd1-3 or
nrpe1-11 mutation into L1. The mutations did not affect the
transcription of GFP-AGO4 transgene (Supplemental Figure 1A)
but led to nearly eliminated or reduced accumulation of GFP-
AGO4 protein (Figure 1B; Supplemental Figure 1B).
Based on the reduction in GFP-AGO4 level and DNA methyl-

ation at three representative RdDM target loci (AtSN1, IGN5, and
IGN23), we identified 68 das (for defective in AGO4 stability)
mutants. These include 65 new mutant alleles of known RdDM
pathway genes and three mutants that harbor mutations in genes
without known RdDM-related functions, das1, das2, and das3
(Figure 1C; Supplemental Table 1). In das1, a point mutation
(G4756A) occurred in the IYO gene (At4g38440) changes Gly-
1281 to Asp; in das2, a point mutation (G1108A) in theQQT2 gene
(At4g21800) converts Gly-112 to Arg; whereas in das3, a point
mutation (G474A) in theNRPB/D/E11 gene (At3g52090) results in
a Gly-60-to-Glu change (Figure 1D). Immunoblot analyses re-
vealed that the protein levels of GFP-AGO4 and endogenous
AGO4 were dramatically decreased in all three mutants (Figure
1E). However, their corresponding transcript levels remained
unaltered (Figure 1F; Supplemental File 1), suggesting that the
mutations impair AGO4 stability. The DNA methylation levels at
AtSN1, IGN5, and IGN23, were greatly reduced in these three
mutants, as determined by Chop-PCR analysis (Figure 1G), in-
dicating that the mutations affect RdDM. Transformation of das1,
das2, and das3 with the respective IYO, QQT2, and NRPB/D/E11

Figure 1. Identification and Characterization of the das Mutants.

(A) Schematic of pAGO4:GFP-AGO4 construct for screening for the das
mutants.
(B) Representative images showing the expression of GFP-AGO4 in hy-
pocotyl cells of 7-d-old seedlings in the indicated genetic background.
Bar = 20 mm.
(C) Representative images showing the expression of GFP-AGO4 in three
das mutants and the das mutants complemented with IYO, QQT2, and
NRPB/D/E11 sequences, respectively. Bar = 20 mm.
(D) Schematic diagram showing the gene structures of DAS1/IYO
(At4g38440), DAS2/QQT2 (At4g21800), and DAS3/NRPB/D/E11 (At3g52090).
The positions of themutations and amiRNA-targeting sites are indicated.
The black boxes and horizontal lines represent exons and introns, re-
spectively, and the white boxes represent untranslated regions.
(E) Detection of GFP-AGO4 and endogenous AGO4 proteins in the in-
dicated plants by immunoblot analysis. TUBULINwas detected as a loading
control.
(F) Detection of GFP-AGO4 and endogenous AGO4 (endo-AGO4) tran-
scripts in the indicated plants by quantitative RT-PCR analysis. Error bars
represent SD from the mean value of three biological replicates (one

biological replicatemeans one independent experiment with two technical
replicates). Student’s t testswere applied, but no significant difference (P <
0.05) was detected between L1 and the das mutants.
(G) Chop-PCR analysis of DNA methylation levels at AtSN1, IGN5, and
IGN23 in the indicatedplants.A fragmentofACTIN that lacksHaeIII sitewas
amplified as a control.
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full genomic sequences restored GFP-AGO4 and endogenous
AGO4accumulationandDNAmethylationatselected loci (Figures
1C, 1E, and 1G), indicating that the mutations of IYO, QQT2, and
NRPB/D/E11 are responsible for the reduction of AGO4 protein
and DNA hypomethylation in das1, das2, and das3, respectively.
Accordingly, das1, das2, and das3 were renamed iyo-4, qqt2-2,
and nrpb/d/e11-1, respectively.

IYOencodesapositive regulator of transcriptionelongation that
is essential for the onset of cell differentiation (Sanmartín et al.,
2011; Muñoz et al., 2017), and QQT2 encodes an ATP/GTP
bindingprotein that regulates embryogenesis (Lahmyet al., 2007).
NRPB/D/E11 encodes a noncatalytic subunit common to Pol II,
Pol IV, andPol V (Reamet al., 2009; Lawet al., 2011).However, the
iyo-4, qqt2-2, and nrpb/d/e11-1 mutants that carry point muta-
tions did not exhibit developmental defects (Supplemental Figure
2A). To further confirm that IYO and QQT2 are indeed involved in
the RdDM pathway, we generated lines overexpressing artificial
miRNAs (amiRNAs) targeting IYO andQQT2 (amiR-IYOandamiR-
QQT2), respectively (Supplemental Figures 2B to 2D and
Supplemental File 1). As expected, the DNA methylation levels at
AtSN1 and IGN5weremarkedly decreased in these amiRNA lines
(Supplemental Figure 2E), confirming that IYO and QQT2 are
RdDMpathwaycomponents. It isnoteworthy thatall amiRNA lines
displayed obvious developmental phenotypes (Supplemental

Figure 2B), consistent with the fact that IYO and QQT2 are
essential for plant development (Lahmy et al., 2007; Sanmartín
et al., 2011).

Mutations in IYO, QQT2, and NRPB/D/E11 Impair Global
DNA Methylation

Toquantitativelymeasure thechangeofDNAmethylation levels at
RdDM loci, we performed locus-specific bisulfite sequencing and
found that the CG, CHG, and CHH methylation levels at AtSN1
and IGN5 were substantially decreased in all three iyo-4, qqt2-2,
and nrpb/d/e11-1 mutants (Figure 2A). At IGN23, the CG meth-
ylation levels in the iyo-4, qqt2-2, and nrpb/d/e11-1 mutants re-
mained comparable to that in L1, whereas the CHG and CHH
methylation levels were decreased (Figure 2A). To investigate the
effects of iyo, qqt2, and nrpb/d/e11-1 mutations on the Arabi-
dopsis DNA methylome, we performed whole-genome bisulfite
sequencing. Similar to nrpd1-3 and nrpe1-11, the iyo-4 and nrpb/
d/e11-1 mutations led to mildly, moderately, and severely com-
promised CG, CHG, and CHH methylation, respectively (Figure
2B; Supplemental File 1). The qqt2-2 mutation also resulted in
decreased methylation in each sequence context, but to a lesser
extent when compared with iyo-4 and nrpb/d/e11-1 (Figure 2B;
Supplemental File 1).

Figure 2. Effects of the iyo-4, qqt2-2, and nrpb/d/e11 Mutations on DNA Methylation.

(A)DetectionofDNAmethylation atAtSN1, IGN5, and IGN23 in L1and the indicatedmutants by locus-specificbisulfite sequencing. Theoverall percentage
of methylated cytosines in different sequence contexts is presented. More than 20 clones were sequenced for each sample.
(B)Boxplots (panelson the left) andheatmaps (panelson the right) ofCG,CHG, andCHHmethylation levels atRdDM loci in the indicatedplants determined
by whole-genome bisulfite sequencing. Asterisks indicate a significant difference between L1 and the mutants (P < 10215, Mann-Whitney U test).
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IYO, QQT2, and NRPB/D/E11 Are Required for the
Production of Pol IV-Dependent 24-Nucleotide siRNA and
Pol V-Dependent Transcripts

ThedestabilizationofAGO4 in the iyo-4,qqt2-2, andnrpb/d/e11-1
mutants suggest that IYO, QQT2, and NRPB/D/E11 may regulate
siRNA production. To test this, we performed small RNA deep
sequencing analysis. Our results showed that the abundance of
24-nucleotide siRNAs in all three mutants was significantly lower
than that in L1 (Figure 3A; Supplemental File 1). In iyo-4 and nrpb/
d/e11-1, the 24-nucleotide siRNA levels were nearly undetect-
able, similar to that in nrpd1-3 (Figure 3A; Supplemental File 1). To
validate these results, we detected siRNAs generated from rep-
resentative loci siR1003, AtRep2, and SimpleHAT2 by small RNA
gel blot. Consistently, we found that the accumulation of siRNAs
from these loci was abolished in all threemutants (Figure 3B). The
IYO,QQT2, andNRPB/D/E11 transgenes fully rescued thedefects
of iyo-4, qqt2-2, and nrpb/d/e11-1 in accumulating siRNAs, re-
spectively (Figure 3B), suggesting that IYO, QQT2, and NRPB/D/
E11 regulate siRNA production. We further analyzed the ex-
tent to which IYO-, QQT2-, or NRPB/D/E11-dependent siRNA-
generating loci overlap with Pol IV- or Pol V-dependent loci.
Strikingly, IYO- or NRPB/D/E11-dependent loci almost completely

overlapped with Pol IV- and Pol V-dependent loci, whereas over
half of Pol IV-dependent loci and themajority ofPol V-targeted loci
wereQQT2dependent (Figure 3C).Wealso analyzed the extent to
which IYO- and QQT2-dependent siRNA-generating loci overlap.
QQT2-dependent siRNA loci were almost all dependent on IYO.
However, asubsetof IYO-dependent lociwasQQT2-independent
(Figure 3C)
Next, we examined whether IYO, QQT2, and NRPB/D/E11 are

required for the production of Pol V-dependent IGN transcripts.
We performed RT-PCR to detect changes in the level of IGN
transcripts in the mutants. We found that the levels of IGN tran-
scripts produced from AtSN1, IGN5, and IGN6 were all markedly
decreased (Figure 3D).
These data together indicate that IYO,QQT2, andNRPB/D/E11

are required for the production of Pol IV-dependent siRNAs and
Pol V transcripts.

IYO and QQT2 Are Required for Pol V Assembly

IYO shows sequence similarity to the yeast Ydr527wp protein
(also named RBA50) and human RPAP1 (Jeronimo et al., 2004;
Sanmartínetal., 2011).WhereasYdr527wpassociateswithRPB2,
RPB3, and RPB11 subunits critical for yeast Pol II assembly

Figure 3. Effects of the iyo-4, qqt2-2, and nrpb/d/e11 Mutations on the Production of Pol IV-Dependent 24-Nucleotide siRNA and Pol V-Dependent
Transcripts.

(A)Boxplots showing the levelsof 24-nucleotide siRNAs in the indicatedplants asmeasuredbysmallRNAdeepsequencing.Asterisks indicate asignificant
difference between Col-0 and the mutants (P < 10215, Mann-Whitney U test).
(B) Detection of siRNA production at selected loci in the indicated plants by small RNA gel blot. miR168 and U6 were probed as loading controls. The
positions of RNA size markers, electrophoresed in parallel, are shown to the left of the blots. The blots were stripped and reprobed multiple times.
(C) Venn diagrams showing the numbers of affected siRNA loci that overlap between nrpd1-3, nrpe1-11, and each of the iyo-4, qqt2-2, and nrpb/d/e11-1
mutants as well as between iyo-4 and qqt2-2.
(D)Detection of Pol V-dependent transcripts produced from representative loci in the indicated plants by RT-PCR. ACTINwas amplified as a control. PCR
reactions without reverse transcription (no RT) were performed as controls to test for DNA contamination.
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(Kolodziej and Young, 1991; Kimura et al., 1997; Hazbun et al.,
2003),RPAP1associateswithRPB2andRPB3subunits of human
Pol II in the cytoplasm before a complete Pol II enzyme is as-
sembled and nuclear imported (Jeronimo et al., 2004; Boulon
et al., 2010; Forget et al., 2010). Similar to the case of IYO,QQT2’s
yeast homologNPA3andhumanhomologGPN1were reported to

mediate Pol II assembly and nuclear import (Forget et al., 2010;
Carré and Shiekhattar, 2011; Staresincic et al., 2011; Minaker
et al., 2013;Niesser et al., 2015). Theseprevious findings, together
with the evidence that Pol IV and Pol V are considered to be
specialized forms of Pol II (Ream et al., 2009), led us to propose
that IYO and QQT2 regulate the production of Pol IV-dependent

Figure 4. Effects of the iyo-4 and qqt2-2 Mutations on Pol V Assembly.

(A) Silver-stained SDS-PAGE gel of the purified Pol V complex. The Pol V complex was immunopurified using an antibody against NRPE1. The position of
NRPE1 is indicated.
(B) Silver-stained SDS-PAGE gel of the Pol V complex purified from L1, iyo-4, and qqt2-2. Note that 2.5 times more protein extracts from iyo-4 and qqt2-2
were used for immunopurification. The position of NRPE1 is indicated.
(C)Label-freemass spectrometry-basedquantificationofNRPE1-associatedPol V subunits in L1, iyo-4, andqqt2-2. The levels ofNRPE1-associatedPol V
subunits were normalized against the NRPE1 level. The relative levels of NRPE1-associated subunits in iyo-4 and qqt2-2 were determined relative to the
levels in L1,whichwere set at 1. Error bars represent SD from themean valueof threebiological replicates. Asterisks indicate a significant differencebetween
L1 and the mutants (Student’s t test, P < 0.05).
(D)Detection of the association betweenNRPE1andother Pol V subunits. NRPE1was immunopurified fromL1, iyo-4, andqqt2-2. Note that 2.5 timesmore
proteinextracts from iyo-4andqqt2-2wereused for immunopurification.NRPB3/D3a/E3a (andNRPD/E3b) andNRPB/D/E11weredetectedbyhomemade
antibodies. Asterisks indicate nonspecific bands. The positions of molecular mass markers are shown on the left of the blots.
(E) and (F) Percentages of protoplast cells with nuclear NRPE1-YFP (E) and NRPD/E3b-YFP (F) signals in Col-0, iyo-4, and qqt2-2. Error bars represent SD
from the mean value of three biological replicates. Asterisks indicate a significant difference between Col-0 and the mutants (Student’s t test, P < 0.05). At
least 250 protoplasts from three independent experiments were counted for each protein to generate the diagram.
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siRNA and Pol V transcripts through regulating Pol IV and Pol V
assembly.

Wefirst investigated the roleof IYOandQQT2 inPolVassembly.
We immunopurified Pol V holoenzyme using an antibody spe-
cifically recognizing a 16-amino acid sequence within NRPE1
(Huang et al., 2009) (Figure 4A) and analyzed proteins associated
with NRPE1 by performing mass spectrometry. In line with pre-
vious identification of Pol V subunits using recombinant NRPE1
(Ream et al., 2009), we detected 11 Pol V subunits in the NRPE1
immunoprecipitates (Supplemental Table 2 and Supplemental
Data Set 1). These included subunits unique to Pol V (NRPE5 and
NRPE7), shared by Pol IV and Pol V (NRPD/E2, NRPD/E3b, and
NRPD/E4), shared by Pol II and Pol V (NRPB/E8a) or shared by all
Pol II, Pol IV, and Pol V (NRPB3/D3a/E3a, NRPB/D/E9a, NRPB/D/
E9b, NRPB/D/E11, and NRPB/D/E12) (Ream et al., 2009; Law
et al., 2011). The known Pol V-interacting protein RDM4/DMS4
was also detected (He et al., 2009b; Kanno et al., 2010). We then
employed label-free quantitativemass spectrometry to determine
the relative amounts of different subunits associatedwith NRPE1,
in iyo-4 and qqt2-2 (Figure 4B). The levels of all of the other Pol V
subunits associated with NRPE1 were either greatly reduced or
eliminated in iyo-4 and qqt2-2, suggesting failure of Pol V as-
sembly in these two mutants (Figure 4C; Supplemental Table 3
and Supplemental Data Set 1).

To validate our mass spectrometry results, we conducted
coimmunoprecipitation experiments using similar amounts of
NRPE1 immunoprecipitates. Consistently, we found that NRPE1
did not associate with other Pol V subunits in iyo-4 and qqt2-2
(Figure4D;Supplemental Figures3A to3C). Todeterminewhether
unassembled Pol V subunits were retained in the cytoplasm, we
transiently expressed NRPE1-YFP and NRPD/E3b-YFP in pro-
toplasts isolated from Col-0, iyo-4, and qqt2-2 and counted the

amount and calculated the percentage of protoplastswith nuclear
YFP signal in each background. More than 50% and 30% Col-0
protoplastshadnuclearNRPE1-YFPandNRPD/E3b-YFPsignals,
respectively. However, the ratio dropped below 25% and 15%,
respectively when the protoplasts harbored iyo-4 and qqt2-2
backgrounds (Figures 4E and 4F; Supplemental File 1). These
results suggest that Pol V, like Pol II, needs to be fully assembled
before being imported into the nucleus, but in iyo-4 and qqt2-2,
Pol V is unable to be efficiently assembled and imported into the
nucleus.

IYO and QQT2 Bind the NRPE3 Subassembly to Form an
Assembly Intermediate

According to the current model for Pol II assembly in yeast and
humans (Wild andCramer, 2012),weproposed that theassembly
of Pol V holoenzyme could involve the formation and sequen-
tial assembly of NRPE3, NRPE2, and NRPE1 subassemblies
(Supplemental Figure 4). This led us to ask which step(s) in Pol V
assembly involve IYO and QQT2. To address this question, we
complemented the iyo-4 and qqt2-2 mutants with IYO-YFP-HA
and QQT2-YFP, respectively, and analyzed proteins associated
with IYO-YFP-HAandQQT2-YFPafter immunopurification using
mass spectrometry (Supplemental Figures 5A and 5B). Two bi-
ological replicates (in which plant growth, immunoprecipitation,
and mass spectrometry were performed twice independently)
were performedandsimilar resultswere obtained. Intriguingly, all
four presumable subunits of NRPE3 subassembly, NRPB3/D3a/
E3a, NRPB/D/E10, NRPB/D/E11, and NRPB/D/E12, were re-
covered in both IYO and QQT2 immunoprecipitates (Table 1;
Supplemental Data Set 1). Immunoblot analysis also detected
NRPB3/D3a/E3a (and/or NRPD/E3b) and NRPB/D/E11 in IYO

Table 1. Identification of Proteins in Immunopurified IYO and QQT2 Complexes by Mass Spectrometry

Protein AGI Code Score Coverage (%) Unique Peptides No. of PSMs

IYO-YFP-HA
IYO At4g38440 9862.54 88.40 159 3598
NRPD/E2 At3g23780 9.69 7.59 7 8
NRPB3/D3a/E3a At2g15430 64.72 64.58 20 35
NRPB/D/E10 At1g11475 97.75 35.21 4 57
NRPB/D/E11 At3g52090 14.60 52.59 6 7
NRPB/D/E12 At5g41010 1.87 15.69 1 1
NRPB2 At4g21710 152.54 33.25 42 62
QQT1 At5g22370 4.37 7.05 2 2
QQT2 At4g21800 3.54 9.50 3 3
QQT2-YFP
QQT2 At4g21800 25563.19 75.46 37 6222
NRPB3/D3a/E3a At2g15430 109.08 42.95 10 30
NRPB/D/E6a At5g51940 2.22 4.86 1 1
NRPB/D/E9a At3g16980 2.88 7.89 1 1
NRPB/D/E10 At1g11475 2.89 12.68 1 1
NRPB/D/E11 At3g52090 31.84 38.79 4 11
NRPB/D/E12 At5g41010 4.56 15.69 1 2
NRPB1 At4g35800 212.46 17.18 32 74
NRPB2 At4g21710 139.76 21.30 25 49
NRPB/D5 At3g22320 37.05 38.05 8 13
RPAP2 homolog At5g26760 40.97 10.75 9 18
GPN3 homolog At4g12790 52.77 17.71 5 18
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Figure 5. IYO and QQT2 Associate with the NRPE3 Subassembly.

(A) and (B)Detection of the association of IYO (A) and QQT2 (B)with NRPB3/D3a/E3a (and NRPD/E3b), NRPB/D/E11, NRPE1, and NRPB1. IYO-YFP and
QQT2-YFPwere immunopurified from the transgenic lines expressing IYO-YFPorQQT2-YFPusingGBP-conjugated beads. NRPB3/D3a/E3a (andNRPD/
E3b), NRPB/D/E11, NRPE1, andNRPB1were detected in the immunoprecipitates using homemade antibodies. Asterisks indicate non-specificbands. The
positions of molecular mass markers are shown on the left of the blots.
(C) and (D)Detection of the association ofNRPE1with IYO (C) andQQT2 (D). NRPE1was immunopurified from IYO-YFP andQQT2-YFP transgenic lines in
Col-0 or nrpe1-11 background using NRPE1 antibody. IYO-YFP and QQT2-YFP were detected in the immunoprecipitates using a GFP antibody, and
NRPB3/D3a/E3a (and NRPD/E3b) was detected using a homemade antibody. Asterisks indicate nonspecific bands. The positions of molecular weight
markers are shown on the left of the blots.
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and QQT2 immunoprecipitates (Figures 5A and 5B). These re-
sults showed consistency with previous findings that IYO as-
sociates with NRPB3/D3a/E3a, NRPB/D/E10, and NRPB/D/E11
subunits of Pol II in Arabidopsis (Sanmartín et al., 2011; Muñoz
et al., 2017).

To further confirm that IYOandQQT2associatewith theNRPE3
subassembly, we generated transgenic plants expressing
NRPB3/D3a/E3a-YFP under the control of its native promoter
and immunopurified proteins associated with NRPB3/D3a/E3a-
YFP (Supplemental Figure 5C). Mass spectrometric analysis
detected all subunits comprising Pol II, Pol IV, and Pol V in the
NRPB3/D3a/E3a-YFP immunoprecipitates (Supplemental Table
4 and Supplemental Data Set 1). The Pol IV-interacting protein
RDR2 (Haag et al., 2012) and the Pol II- and Pol V-interacting
protein RDM4/DMS4 (He et al., 2009b; Kanno et al., 2010) were
also detected. Importantly, both IYO and QQT2 were pulled
down by NRPB3/D3a/E3a-YFP (Supplemental Table 3 and Sup-
plemental Data Set 1).

It was highly interesting to us that IYO and QQT2 could not pull
downNRPE1 (Table 1, Figures 5A and 5B; Supplemental Data Set
1), raising the possibility that IYO andQQT2do not exist within the
Pol Vholoenzyme. Indeed, IYOandQQT2werenotdetectedwhen
Pol V holoenzyme was isolated using the NRPE1 antibody
(Supplemental Table 2 and Supplemental Data Set 1) and coim-
munoprecipitation experiments confirmed that NRPE1 could not
pull down IYOandQQT2 (Figures 5Cand5D). These data suggest
a model in which IYO and QQT2 associate with the NRPE3
subassembly to form an assembly intermediate and dissociate
from Pol V once Pol V assembly is complete.

To examine whether IYO andQQT2 function prior to or after the
formation of NRPE3 subassembly, we analyzed the association
between NRPE3 subunits and NRPB/D/E11 in the iyo-4 and
qqt2-2mutants. The association of NRPB3/D3a/E3a and NRPD/
E3b with NRPE1 was disrupted in the iyo-4 and qqt2-2 mutants,
but their association with NRPB/D/E11 remained intact (Figures
5E and 5F), suggesting that IYO and QQT2 execute their function
after the formation of NRPE3 subassembly.

To better understand how IYO and QQT2 function, we probed
the direct interaction between IYO or QQT2 with specific Pol V
subunits by performing yeast two-hybrid assays. IYO interacted
exclusively with NRPB/D/E10, which belongs to the NRPE3
subassembly, while QQT2 interacted exclusively with NRPB/D/
E9a, a subunit of NRPE2 subassembly (Figures 5G and 5H). The
amino acid changes (G1218D in IYO and G112R in QQT2) in-
troduced by the iyo-4 mutation and the qqt2-2 mutation did not
disrupt the direct interactions of IYO andQQT2with specific Pol V
subunits (Figures 5I and 5J), suggesting that failure of Pol V as-
sembly in the mutants is not because the association of IYO and
QQT2 with Pol V subunits was prevented.

IYO and QQT2 Are Mutually Dependent for Their Association
with NRPE3

QQT2 was present in IYO immunoprecipitates (Muñoz et al.,
2017) (Table1; Supplemental Data Set 1), suggesting that IYO
andQQT2could interactwith eachother.Using yeast two-hybrid
and bimolecular fluorescence complementation (BiFC) assays,
we demonstrated that IYO andQQT2 indeed interact (Figures 6A

and 6B). Nuclear and cytoplasmic fractionation revealed that
QQT2 is exclusively distributed in the cytoplasm and IYO is
present in both the cytoplasm and the nucleus (Supplemental
Figures 6A and 6B), suggesting that IYO and QQT2 interact
primarily in the cytoplasm. Interestingly, the G1218D amino acid
change of IYO and the G112R change of QQT2 abolished the
interaction between IYO and QQT2 (Figure 6A), suggesting that
the interaction between IYO and QQT2 is important for Pol V
assembly. To determine whether IYO and QQT2 cooperatively
regulate Pol V assembly, we examined their association with
NRPB3/D3a/E3a in different mutants. The qqt2-2 mutation se-
verely disrupted the association of IYO with NRPB3/D3a/E3a
(and/or NRPD/E3b) (Figure 6C). Similarly, the iyo-4 mutation
severely disrupted the association of QQT2 with NRPB3/D3a/
E3a (and/or NRPD/E3b) (Figure 6D). These results suggest that
IYO and QQT2 are mutually dependent for their association with
NRPE3 subassembly.

IYO and QQT2 Are Also Required for Pol II and
Pol IV Assembly

Wefinally investigatedwhether IYOandQQT2arealso required for
the assembly of Pol II and Pol IV. We examined the association
between NRPB1 and other Pol II subunits in iyo-4 and qqt2-2 by
label-freemass spectrometry.We found that the association of all
of the other Pol II subunits with NRPB1 remained unaltered in the
iyo-4 and qqt2-2 mutants (Figure 7A; Supplemental Figure 7A,
Supplemental Table 5, and Supplemental Data Set 1). Coimmu-
noprecipitation experiment confirmed intact association between
NRPB1 and NRPB3 in these two mutants (Supplemental Figure
7B). However, the association of some other Pol II subunits with
NRPB1was reduced inamiR-IYO (Figure7A;Supplemental Figure
7A, Supplemental Table 5, and Supplemental Data Set 1). These
results suggest that iyo-4 andqqt2-2 are uniquemutations that do
not affect Pol II assembly, but IYO and QQT2 are most likely re-
quired for Pol II assembly.
Weattempted toexaminePol IVassembly in iyo-4andqqt2-2by

detecting the association between NRPD1-Flag with other Pol IV
subunits. However, the attempts were unsuccessful because,
even from the NRPD1-Flag transgenic plants in Col-0 back-
ground, immunopurification of NRPD1-Flag yielded few other
subunits of RNApolymerases.We then examinedPol IV assembly
in iyo-4 and qqt2-2 indirectly. We immunopurified NRPD/E3b-
YFP, a subunit shared by Pol IV and Pol V (Law et al., 2011), from
Col-0, iyo-4, and qqt2-2 (Supplemental Figure 7C) and compared
theamounts ofNRPD1andother subunits associatedwithNRPD/
E3b-YFP between Col-0 and the mutants. Except NRPB3/D3a/
E3a andNRPB/D/E11, the amountsofNRPD/E3b-YFP-associated
NRPD1 and other subunits were either greatly reduced or elimi-
nated in iyo-4 and qqt2-2 (Figure 7B; Supplemental Table 6 and
Supplemental Data Set 1), suggesting failure of Pol IV assembly in
these twomutants. Thus, IYOandQQT2are also required for Pol IV
assembly.

DISCUSSION

Plants have evolved two RNA polymerases, Pol IV and Pol V,
specialized for RdDM. How these RNA polymerases are
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assembled remains elusive. In this study, the isolation of the
viable iyo-4 and qqt2-2 mutants (Figure 1) that are defective in
RdDM (Figure 2) and in producing both Pol IV-dependent siRNA

and Pol V-dependent transcripts (Figure 3) provided us a unique
opportunity to dissect the role of IYO and QQT2 in the assembly
of RNA polymerases.We found that Pol V failed to be assembled

Figure 6. IYO and QQT2 Interact and Depend on Each Other to Associate with NRPE3.

(A)Detection of the interaction between IYO andQQT2 by yeast two-hybrid analysis. Yeast cells expressing the indicated proteins from the pGAD-T7 (AD)
and pGBK-T7 (BD) vectors were grown on medium lacking Leu and Trp (-LT) or medium lacking Ade, His, Leu, and Trp (-AHLT). E.V., empty vector.
(B)Detection of the interaction between IYO andQQT2 by BiFC.Nicotiana benthamiana leaveswere infiltratedwith the indicated constructs and examined
by fluorescence microscopy. Bar = 20 mm.
(C) Detection of the association of IYO with NRPB3/D3a/E3a (and NRPD/E3b) in Col-0, nrpe1-11, and qqt2-2. IYO-YFP was immunopurified from the
transgenic lines expressing IYO-YFP in Col-0, nrpe1-11, and qqt2-2 backgrounds using GBP-conjugated beads. NRPB3/D3a/E3a (and NRPD/E3b) was
detected in the immunoprecipitates using a homemade antibody. The asterisk indicates nonspecific bands.
(D) Detection of the association of QQT2 with NRPB3/D3a/E3a (and NRPD/E3b) in Col-0, nrpe1-11, and iyo-4. QQT2-YFP was immunopurified from the
transgenic lines expressing IYO-YFP in Col-0, nrpe1-11, and iyo-4 backgrounds using GBP-conjugated beads. NRPB3/D3a/E3a (and NRPD/E3b) was
detected in the immunoprecipitates using a homemade antibody.

Figure 5. (continued).

(E) and (F)Detection of the association of NRPB3/D3a/E3a (E) andNRPD/E3b (F)with NRPB/D/E11 in Col-0, iyo-4, and qqt2-2. NRPB3/D3a/E3a-YFP and
myc-NRPD/E3b were immunopurified from the transgenic lines expressing NRPB3/D3a/E3a-YFP and myc-NRPD/E3b in Col-0, iyo-4, and qqt2-2
backgrounds using GBP-conjugated beads and MYC beads, respectively. NRPB/D/E11 and NRPE1 were detected in the immunoprecipitates using
homemade antibodies. The positions of molecular mass markers are shown on the left of the blots.
(G) and (H) Detection of the interactions of IYO (G) and QQT2 (H) with indicated Pol V subunits by yeast two-hybrid analysis. Yeast cells expressing the
indicatedproteins from thepGAD-T7 (AD) andpGBK-T7 (BD) vectorsweregrownonmedium lacking LeuandTrp (-LT) ormedium lackingAde,His, Leu, and
Trp (-AHLT). E.V., empty vector.
(I) and (J) Detection of the interactions of mutant forms of IYO (I) and QQT2 (J) with NRPB/D/E10 and NRPB/D/E9a, respectively, by yeast two-hybrid
analysis.Yeast cellsexpressing the indicatedproteins fromthepGAD-T7 (AD)andpGBK-T7 (BD)vectorsweregrownonmedium lackingLeuandTrp (-LT)or
medium lacking Ade, His, Leu, and Trp (-AHLT).
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in the iyo-4 and qqt2-2 mutants (Figure 4), suggesting that IYO
and QQT2 are required for Pol V assembly. We then tried to
identify at which step they function and found that they asso-
ciated with NRPE3 subassembly (Table 1, Figures 5A and 5B;
Supplemental Table 3). The iyo-4 and qqt2-2 mutations did not
affect the association of NRPB3/D3a/E3a (and/or NRPD/E3b)
with NRPB/D/E11 but compromised their association with
NRPE1 (Figures 5E and 5F), suggesting that they function after
the formation of NRPE3 subassembly. NRPD/E2 and NRPB2

peptides were detected in the IYO and QQT2 immu-
noprecipitates (Table 1), and IYO interacted with NRPB/D/E10,
a subunit of the NRPE3 subassembly, while QQT2 interacted
withNRPB/D/E9a, a subunit of NRPE2 subassembly (Figures 5G
and 5H), suggesting that IYO and QQT2 may play a role in
bridging the NRPE3 and NRPE2 subassemblies. The qqt2-2
mutation impaired the association of IYO with NRPB3/D3a/E3a
(and/or NRPD/E3b) (Figure 6C), suggesting that the bridging
between the NRPE3 and NRPE2 subassemblies could stabilize

Figure 7. Effects of the iyo-4 and qqt2-2 Mutations on the Assembly of Pol II and Pol IV.

(A) Label-free mass spectrometry-based quantification of NRPB1-associated Pol II subunits in L1, iyo-4, qqt2-2, and amiR-IYO. The levels of NRPB1-
associated Pol II subunitswere normalized against theNRPB1 level. The relative levels of NRPB1-associated subunits in iyo-4 andqqt2-2were determined
relative to the levels in Col-0, which were set at 1. Error bars represent SD from the mean value of three biological replicates. Asterisks indicate a significant
difference between L1 and amiR-IYO (Student’s t test, P < 0.05).
(B) Label-free mass spectrometry-based quantification of NRPD/E3b-YFP-associated Pol IV/V subunits in Col-0, iyo-4, and qqt2-2. The levels of NRPD/
E3b-YFP-associated Pol IV/V subunits were normalized against the NRPD/E3b-YFP level. The relative levels of NRPD/E3b-YFP-associated subunits in
iyo-4andqqt2-2weredetermined relative to the levels inCol-0,whichwereset at 1.Error bars represent SD from themeanvalueof threebiological replicates.
Asterisks indicate a significant difference between Col-0 and the mutants (Student’s t test, P < 0.05).
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the NRPE3 subassembly. Interestingly, both IYO and QQT2
failed to pull downNRPE1 and vice versa (Table 1, Figures 5A to
5D; Supplemental Table 2), implying that they are released from
Pol V holoenzyme once Pol V assembly is complete. We further
found that IYO and QQT2 interacted and were mutually de-
pendent for their associationwithNRPB3/D3a/E3a (andNRPD/
E3b) (Table 1, Figure 6). Based on these observations, we
propose a model for the assembly of Pol V in Arabidopsis
(Figure 8). Like the assembly of Pol II in yeast and humans (Wild
and Cramer, 2012), the assembly of Pol V starts with the di-
merization of NRPE3 and NRPE11 and the formation of the
NRPE3 subassembly. IYO and QQT2 then jointly associate
with the NRPE3 subassembly and facilitate the assembly of Pol
V. IYO and QQT2 dissociate once the Pol V holoenzyme is fully
assembled.

Pol II assembly was not affected by iyo-4 and qqt2-2. However,
Pol II assembly was greatly affected in amiR-IYO (Figure 7A).
These results, together with the results that IYO and QQT2
coimmunoprecipitated with Pol II-specific subunits (Table 1) and
the observation that the level of NRPB1wasdecreased in a strong
IYO allele iyo-1 (Sanmartín et al., 2011), suggest that IYO and
QQT2 are also required for Pol II assembly. We further found that
IYO and QQT2 are required for Pol IV assembly (Figure 7B). Be-
cause Pol II, Pol IV, and Pol V have highly similar subunit com-
positions (Ream et al., 2009; Tucker et al., 2010; Wang and Ma,
2015), we propose that themodel for Pol V should also be applied
to Pol II and Pol IV (Supplemental Figure 8).

In addition to QQT2, IYO also coimmunoprecipitated with
QQT1 (homolog of human GPN2) (Table 1). QQT2 coimmu-
noprecipitated with GPN3 homolog (Table 1) and was pre-
viously reported to interact with QQT1 (Lahmy et al., 2007).
Since humanGPN1,GPN2, andGPN3 are all implicated in Pol II
assembly (Boulon et al., 2010; Forget et al., 2010; Wild and

Cramer, 2012; Niesser et al., 2015), we propose that the as-
sembly of Pol II, Pol IV, and Pol V in Arabidopsis also requires
QQT1 and the GPN3 homolog. In our study, the effects of
qqt2-2 on RdDM were not as profound as those caused by
iyo-4, nrpb/d/e11-1, nrpd1-3, and nrpe1-11 (Figure 2). Com-
pared with iyo-4, the effects of qqt2-2 on Pol IV and Pol V
assembly were slightly weaker. The functional redundancy of
QQT1, QQT2, and the GPN3 homolog could account for such
moderate effects of qqt2-2, although they could also be at-
tributable to qqt2-2 being a weak allele.
Studies in yeast revealed thatQQT2’s homologNPA3 serves as

an assembly chaperone that interacts with the hydrophobic
peptides of Pol II subunits. Upon interaction, NPA3 changes its
conformation to bind GTP and opens a pocket that accom-
modates a Pol II subunit. When GTP is hydrolyzed, the NPA3-
trapped Pol II subunit is released to associate with other as-
sembled Pol II subunits (Niesser et al., 2015). QQT2 likely adopts
similar mechanisms for Pol V assembly. However, whether QQT2
has GTPase activity requires further investigation. In addition to
being involved in Pol II assembly, NPA3 and humanGPN1 shuttle
between the cytoplasm and the nucleus to mediate nuclear tar-
geting of fully assembled Pol II (Forget et al., 2010; Carré and
Shiekhattar, 2011; Staresincic et al., 2011). However, our results
revealed that QQT2 is exclusively distributed in the cytoplasm
(Supplemental Figure 6), suggesting thatQQT2maynot be able to
shuttle in and out of the nucleus.
In summary, we report that IYO andQQT2 are assembly factors

common to Pol II, Pol IV, and Pol V. Since the yeast and human
homologs of IYO and QQT2 were all suggested to be involved in
Pol II assembly (Jeronimo et al., 2004; Boulon et al., 2010; Forget
et al., 2010; Carré and Shiekhattar, 2011; Minaker et al., 2013;
Niesser et al., 2015), the role of IYO and QQT2 in polymerase
assembly appears to be highly conserved in eukaryotes.

Figure 8. A Model for the Role of IYO and QQT2 in Pol V Assembly.

The assembly of Pol V involves the formation of NRPE3, NRPE2, and NRPE1 subassemblies. IYO associates with the NRPE3 subassembly and QQT2
associates with the NRPE2 subassembly and jointly facilitate the assembly of Pol V holoenzyme. IYO andQQT2 are released once the Pol V holoenzyme is
fully assembled.
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METHODS

Plant Materials and Growth Conditions

The Arabidopsis thaliana transgenic line (Col-0 ecotype) expressing GFP-
AGO4 under the control of native AGO4 promoter, designated here as L1,
was generated previously (Ye et al., 2012). The nrpd1-3 (SALK_128428)
and nrpe1-11 (SALK_029919) mutants were described previously
(Onodera et al., 2005; Pontes et al., 2006). TheNRPD1-Flag transgenic line
was previously described (He et al., 2009a).

All seeds were surface-sterilized with 0.5% sodium hypochlorite
(NaClO)beforebeingsownonhalf-strengthMurashigeandSkoogplates.
After vernalization at 4°C for at least 24 h, the plates were placed in
a growth chamber. Twelve-day-old seedlings were transferred to soil or
frozen in liquid nitrogen immediately and stored at 280°C until use. All
plants were grown under long-day conditions (16 h light, 22°C/8 h dark,
18°C). Growth light was provided by color 865 fluorescent tubes (Philips;
TLD, 36 W).

Mutagenesis and Screening

L1 was used as the parental line for mutagenesis. About 3400 L1 seeds
were treatedwith0.4%ethylmethanesulfonate in100mMKPO4buffer (pH
7.5) for 8 h at room temperature with gentle agitation. They were sub-
sequently washed 20 timeswith sterilizedwater and sownon half-strength
Murashige and Skoog plates containing hygromycin B (25 mg/mL) before
being transferred to soil. Seeds from two plants were mixed as a pool.
Approximately 40 seeds from each pool were grown vertically on plates
containinghygromycinB.GFP-AGO4expression in thehypocotyl regionof
seedlings was observed under a stereomicroscope with an epifluor-
escence illuminator (Nikon SMZ1500). The mutants with reduced GFP
signalwereselected forChop-PCRanalysisof theirDNAmethylation levels
at selected RdDM loci. The mutants with DNA hypomethylation were
maintained by backcrossing to the L1 plants and kept for molecular
mapping.

Cloning of DAS1, DAS2, and DAS3

To map das1, das2, and das3, the mutants (Col-0 ecotype) were crossed
with the wild-type plants in Landsberg erecta ecotype. In the F2 gener-
ation, more than 35 plants with reduced GFP-AGO4 fluorescence signal
andDNA hypomethylation were selected and pooled. The genomes of the
pools were sequenced and analyzed as previously described (Fang et al.,
2015).

Plasmid Construction

For complementation of the das mutants, full-length genomic DNA of
IYOQQT2 and NRPB/D/E11 were amplified and cloned into pENTR/D-
TOPO (Invitrogen) and subsequently recombined into the binary desti-
nation vector pEarleyGate302 (Earley et al., 2006), creating IYO-Flag,
QQT2-Flag, and NRPB/D/E11-Flag constructs. The coding sequences of
IYO, QQT2, and genes encoding Pol subunits were either cloned into
pCambia1300-(35S)-N1-YFP (FangandSpector, 2007)or pEarleyGate101
and pEarleyGate203 vectors (Earley et al., 2006), creating IYO-YFP-HA,
QQT2-YFP, NRPB3/D3a/E3a-YFP, NRPD/E3b-YFP, myc-NRPD/E3b,
myc-NRPB/E8a, myc-NRPB/D/E9a, and myc-NRPB/D/E9b constructs.
Theseconstructswere then transformed intoCol-0, iyo-4, orqqt2-2plants.
The constructs for yeast two-hybrid and BiFC experiments were obtained
by cloning of each coding sequence into pGADT7 and pGBKT7, and
pCambia1300-35S-N1-YFPN and pCambia1300-35S-N1-YFPC (Fang
and Spector, 2007), respectively. The constructs expressing amiR-IYO or
amiR-QQT2 were made as described (Schwab et al., 2006). Primers used
for generating constructs are listed in Supplemental Table 7.

Generation of Antibodies

A synthetic peptide NRPE1BD (CDKKNSETESDAAAWG) (Huang et al.,
2009) was used to raise rabbit polyclonal antibody against NRPE1. Full-
length NRPB3/D3a/E3a and NRPB/D/E11 cDNAs were amplified and
cloned into pET28a to generate the constructs expressing His-NRPB3/
D3a/E3a and His-NRPB/D/E11, respectively. The constructs were trans-
formed into Escherichia coli (BL21) cells. The cells were lysed with a buffer
containing 20mMTris-HCl (pH8.0) and8Murea.His-NRPB3/D3a/E3aand
His-NRPB/D/E11werepurifiedonHisTrapHPcolumns (GE29051021) and
used to raise rabbit polyclonal antibodies against NRPB3/D3a/E3a (and
NRPD/E3b) and NRPB/D/E11.

Immunoprecipitation and Immunoblotting

Ten-day-old seedlings ground in liquid nitrogen were homogenized with
extraction buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 5 mM MgCl2, 10%
glycerol, 0.2% Nonidet P-40, 5 mM DTT, and 1 tablet/50mL protease
inhibitor cocktail). After centrifugation, the supernatant was incubated at
4°Cwith either Protein A beads/NRPE1 antibody, Protein Gbeads/NRPB1
antibody, GFPbinding protein (GBP)-conjugated beads, or anti-HA affinity
gel (Sigma-Aldrich; E6779) for 2 h. The beadswere washedwith extraction
buffer five times for 5 min each time. The NRPE1- and HA-bound protein
complexes were then eluted with corresponding peptide solution (0.5 mg/
mL) at 16°C for 30 min. The NRPB1- and GBP-bound protein complexes
wereboiled inSDS loadingbuffer. Theproteinsampleswere thensubject to
mass spectrometry or immunoblot analysis.

For immunoblot analysis, protein extracts or immunoprecipitates were
mixed with SDS loading buffer and boiled for 10 min. Proteins were
separated by SDS-PAGE gels, transferred to PVDF membranes, and
detected byNRPE1 (1:1000dilution), NRPB3/D3a/E3a (and/orNRPD/E3b)
(1:1000 dilution), NRPB/D/E11 (1:1000 dilution), NRPB1 (Abcam, ab817)
(1:2000 dilution), AGO4 (Agrisera, AS09617) (1:1000 dilution), TUBULIN
(Sigma-Aldrich) (1:3000 dilution), myc (Roche) (1:3000 dilution), Flag
(Sigma-Aldrich) (1:3000 dilution), and GFP (Roche) (1:3000 dilution) anti-
bodies. Goat anti-rabbit IgG-HRP (1:5000 dilution) and goat anti-mouse
IgG-HRP (1:5000 dilution) were used as secondary antibodies. The blots
were visualized by chemiluminescence.

Locus-Specific Bisulfite Sequencing and Chop-PCR

Genomic DNAwas isolated using aDNeasy Plant kit (Qiagen) according to
the manufacturer’s instructions. Five hundred nanograms of DNA was
used for bisulfite sequencing analysis as previously described (Wu et al.,
2010). For Chop-PCR, 500 ng of DNAwas digested with 10 units ofHaeIII,
and PCRs were performed as described (Zhang et al., 2014). Primers are
listed in Supplemental Table 7.

Whole-Genome Bisulfite Sequencing and Data Analysis

Libraries forbisulfite sequencingwereconstructedaspreviouslydescribed
(Ye et al., 2016). The libraries were paired-end sequenced on an Illumina
HiSeq 2000 platform. For data analysis, low-quality bases were trimmed
and clean reads were mapped to the Arabidopsis genome (TAIR10) by
BRAT-BW(Harris etal., 2012), allowing threemismatches.Copyduplicates
were removed and uniquely mapped readswere retained. Themethylation
status of each cytosine was calculated by acgt-count (Harris et al., 2012).

CHH hypo-DMRs (differentially methylated regions) were defined as
previously described (Law et al., 2013; Ye et al., 2016). Briefly, DNA
methylation levels in every 200-bpslidingwindowswith a step sizeof 50bp
were compared between the wild type and the mutants. Windows with
absolute methylation difference $0.1 and Benjamini-Hochberg-adjusted
false discovery rate < 0.001 (Fisher’s exact test) were defined as DMRs.
DMRs in close vicinity (<100 bp) were merged. The bisulfite sequencing
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data sets of drm1/2 and its corresponding wild type were obtained from
GSE39901, andCHHhypo-DMRs indrm1/2were annotated asRdDM loci.

Small RNA Sequencing and Analysis

Small RNAsof18 to30nucleotidesweregel-purifiedandsubjected to library
construction as previously described (Mi et al., 2008). The library was se-
quenced on an Illumina HiSeq 2000 platform and sequencing reads were
analyzed as described (Ye et al., 2016). Briefly, the 3ʹ adapter of sequenced
reads were trimmed by cutadapt 1.12 and only reads with the size of 18 to
30 nucleotides were retained. Clean small RNA reads were then mapped to
the Arabidopsis genome (TAIR10) with bowtie allowing no mismatches
(Langmead et al., 2009). Read counts were normalized to reads per million
(RPMs) by the number of clean readsmapped to the genome in each library.

For Venn diagram analysis of siRNA loci that overlap between different
mutants, the abundance of siRNAs was summarized in 200-nucleotide
nonoverlapping windows and scaled to RPM. The windows that had an
abundance of at least 5 RPMs were considered as siRNA-producing loci.
When a locus had at least 3-fold reduction in siRNA abundance in nrpd1-3
in comparison to the wild type, the locus was defined as Pol IV-dependent
locus. The same criteria were used for the identification of loci dependent
on Pol V, IYO, QQT2, or NRPB/D/E11.

Small RNA Gel Blotting

Gel blot analysis of small RNAs was performed as described (Qi et al.,
2005). Briefly, small RNAs were separated by 15% denaturing gel and
transferred onto Hybond-N+ membranes (Amersham). Membranes were
UVcross-linkedandhybridized to 32Pend-labeled oligonucleotide probes.
The sequences of the probes are listed in Supplemental Table 7.

RNA Analyses

Total RNA was extracted with the Trizol reagent (Invitrogen) from 10-d-old
seedlings, treatedwith DNase I (Promega) to remove DNA contamination, and
reverse-transcribedbyM-MLV(Invitrogen)usingoligo(dT)primers.Quantitative
RT-PCRwas performed with SYBR Premix Ex Taq (Takara). TUBULINmRNA
was detected in parallel and used for data normalization. The detection of Pol
V-dependent transcripts was performed as previously described (Wierzbicki
etal.,2008).Briefly,1mgofRNAdigestedwithDNase I (Promega)was reversely
transcribed with SuperScript III reverse transcriptase (Invitrogen), 0.5 mL
PlatinumTaq (Invitrogen), and a gene-specific primer. After heat inactivation of
reverse transcriptase, the second primer was added and PCRwas performed.
For quantitativeRT-PCR, the average levels of transcripts from threebiological
replicates were presented. The same mutant lines and transgenic lines were
used. Plant growth and RNA purification were performed three times in-
dependently. Primers used for PCR are listed in Supplemental Table 7.

Mass Spectrometry-Based Label-Free Quantification

Total protein extracts were subjected to immunoprecipitation with NRPE1 or
NRPB1antibody.ProteinscopurifiedwithNRPE1,NRPB1,orNRPD/E3b-YFP
were elutedandsubjected tomassspectrometry analysis usingnano-LC-MS/
MS with an LTQ-Orbitrap XL mass spectrometer. Data were searched using
Mascot server and analyzed using theMFPaQ software. The relative amounts
of each subunit copurified with NRPE1 or NRPB1 were determined by label-
freequantificationasdescribed (Silvaetal., 2006).Briefly, themeanof the three
highest peptides areas was calculated for each subunit. The values of each
subunit were then divided by that of NRPE1, NRPB1, or NRPD/E3b-YFP. The
relative levels of each subunit were determined relative to the value of the wild
type, which was set at 1. The average amounts of each subunit are presented
fromthreebiological replicates inwhichplantgrowth, immunoprecipitationand
label-free mass spectrometry performed three times independently with the
same mutant and transgenic lines.

Protoplast Transformation

Protoplast isolation and transfection were performed essentially as de-
scribed (Yooet al., 2007).Briefly, protoplastswere isolated fromArabidopsis
leaves and incubatedwithNRPE1-YFPorNRPD/E3b-YFPplasmids inPEG/
Ca solution (40% PEG4000 [Fluka], 100 mMCaCl2, and 0.2 M mannitol) for
20 min. After being washed three times with W5 solution (154 mM NaCl,
125 mM CaCl2, 5 mM KCl, 5 mM glucose, and 2 mM MES, pH 5.6), the
transformedprotoplastswerecultured for16hundernaturallyoccurringlight.
The average percentages of protoplasts with nuclear signal are from three
biological replicates in which protoplast isolation and transformation were
performed three times independently with the same mutant lines.

Yeast Two-Hybrid Assay

The yeast two-hybrid assaywas performed according to themanufacturer’s
instructions (Clontech).Briefly,pairsofplasmidswerecotransformed into the
yeast strain AH109. Transformants were first grown on SD/-Leu/-Trp me-
dium and subsequently plated on SD/-Ade/-His/-Leu/-Trp medium.

Agroinfiltration and BiFC Assay

Agroinfiltration andBiFCexperimentswereperformedasdescribed (Fang and
Spector, 2007) except that Nicotiana benthamiana plants were used. Con-
structs expressingGUS-fusedYFPNorYFPCwereusedasnegative controls.

Fluorescence Microscopy

Imagesof theagroinfiltratedN.benthamianacells andprotoplast cellswere
acquired with Axio Imager Z2 Upright Microscope equipped with a CCD
camera (AxioCam MRm).

Nuclear-Cytoplasmic Fractionation

The nuclear-cytoplasmic fractionation was performed essentially as de-
scribed (Wang et al., 2011) except that14-d-old seedlings were used.

Accession Numbers

Sequencedata fromthisarticle canbe found in theArabidopsisGenome Initiative
databaseortheGenBankdata libraryunder thefollowingaccessionnumbers: IYO
(At4g38440), QQT2 (At4g21800), AGO4 (At2g27040), NRPE1 (At2g40030),
NRPD/E2 (At3g23780), NRPB3/D3a/E3a (At2g15430), NRPD/E3b (At2g15400),
NRPD/E4 (At4g15950), NRPE5 (At3g57080), NRPE7 (At4g14660), NRPB/E8a
(At1g54250),NRPB/D/E8b (At3g59600),NRPB/D/E9a (At3g16980),NRPB/D/E9b
(At4g16265),NRPB/D/E10 (At1g11475),NRPB/D/E11 (At3g52090),NRPB/D/E12
(At5g41010), andNRPD1 (At1g63020). Small RNA deep sequencing andwhole-
genomebisulfitesequencingdatasetsgeneratedinthisstudyaredepositedinthe
National Center for Biotechnology InformationGeneExpressionOmnibus (http://
www.ncbi.nlm.nih.gov/geo/) under accession number GSE103326.

Supplemental Data

Supplemental Figure 1. Effects of nrpd1 and nrpe1 Mutations on the
GFP-AGO4 Protein Level.

Supplemental Figure 2. Characterization of Artificial miRNA Lines of
IYO and QQT2.

Supplemental Figure 3. Effects of the iyo-4 and qqt2-2 Mutations on
Pol V Assembly.

Supplemental Figure 4. A Model for the Assembly of Pol V.
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