Lo L

P

1\

=y

PolV(PollVb) function in RNA-directed DNA
methylation requires the conserved active
site and an additional plant-specific subunit

Sylvie Lahmy?1, Dominique Pontier®', Emilie Cavel?, Danielle Vega?, Mahmoud El-Shami®2, Tatsuo Kanno®,

and Thierry Lagrange®3

aLaboratoire Génome et Développement des Plantes, Centre National de la Recherche Scientifique/Institut de Recherche et Développement/Université de
Perpignan, 66860 Perpignan Cedex, France; and PGregor Mendel Institute of Molecular Plant Biology, Austrian Academy of Sciences, A-1030 Vienna, Austria

Edited by James C. Carrington, Oregon State University, Corvallis, OR, and approved November 25, 2008 (received for review October 14, 2008)

Two forms of a plant-specific RNA polymerase (Pol), PollV(PollVa)
and PolV(PollVb), currently defined by their respective largest
subunits [NRPD1(NRPD1a) and NRPE1(NRPD1b)], have been impli-
cated in the production and activity of 24-nt small RNAs (sRNAs) in
RNA-directed DNA methylation (RADM). Prevailing models support
the view that PollV(PollVa) plays an upstream role in RADM by
producing the 24-nt sRNAs, whereas PolV(PollVb) would act down-
stream at a structural rather than an enzymatic level to reinforce
SRNA production by PollV(PollVa) and mediate DNA methylation.
However, the composition and mechanism of action of PollV-
(PollvVa)/PolV(PollVb) remain unclear. In this work, we have iden-
tified a plant-specific PolV(PollVb) subunit, NRPE5a, homologous to
NRPB5a, a common subunit shared by Poll-lll and shown here to be
present in PollV(PollVa). Our results confirm the combinatorial
diversity of PollV(PollVa)/PolV(PollVb) subunit composition and
indicate that these plant-specific Pols are eukaryotic-type poly-
merases. Moreover, we show that nrpe5a-1 mutation differentially
impacts sRNAs accumulation at various PollV(PollVa)/PolV(PollVb)-
dependentloci, indicating a target-specific requirement for NRPE5a
in the process of PolV(PollVb)-dependent gene silencing. We then
describe that the triad aspartate motif present in the catalytic
center of PolV(PollVb) is required for recapitulation of all activities
associated with this Pol complex in RADM, suggesting that RNA
polymerization is important for PolV(PollVb) to perform its regu-
latory functions.

Arabidopsis | silencing | RNA polymerase

ultimeric DNA-dependent RNA polymerases (Pol) are
widely distributed in living organisms, in which they
ensure the transcription of all eukaryotic, archaeal, and bacterial
genomes. They share a common origin, as reflected in their
conserved subunit composition (1-3). Indeed, all multimeric
Pols are made of 2 evolutionarily conserved large subunits that
are specific of each enzyme class and a set of more or less
conserved smaller polypeptides. The bacterial Pol, made of the
B’, B, , and «a, subunits, is regarded as the founding member of
this family, because orthologues of these subunits are present in
both archaeal/eukaryotic Pols (A; A190; RPB1; C160 for the
largest subunit B'), (B; A135; RPB2; C128 for the second-largest
subunit B), (K; RPB6 for the w subunit), and (D/L; AC40/AC19;
RPB3/RPBI11 for the pair of bacterial « subunits). In addition to
these core subunits, the archaeal and nuclear Pols (PolI-III)
have a more sophisticated organization, with at least 8§8-12
additional subunits (1-3). Reminiscent of their common origin,
PolI-III shared 5 universal subunits (RPBS, -6, -8, -10, and -12)
that, with the exception of RPBS, have direct orthologues in the
archaeal Pol. Recent structural data indicate that the 5 core
subunits underlie a conserved architecture surrounding the
enzyme active site, whereas the archaeal/eukaryotic-specific
subunits are located at the periphery of the enzyme core (1-3).
In eukaryotes, the discovery of small RNAs (sRNAs) with
specific regulatory roles has added an extra layer of complexity
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to gene regulation. In Arabidopsis thaliana, sSRNAs function both
in transcriptional gene silencing (TGS) by guiding DNA and
histone methylation and in posttranscriptional gene silencing by
targeting endogenous mRNAs for cleavage or translational
repression (4). The most abundant SRNA class in Arabidopsis
corresponds to 24-nt sSRNAs that guide sequence-specific cyto-
sine methylation and TGS at repeated DNA loci in a process
known as RNA-directed DNA methylation (RADM) (5). Their
production is known to involve a set of conserved RNA silencing
genes that include RNA-dependent RNA polymerase 2 (RDR2)
and Dicer-like 3 (DCL3) (6), and these SRNAs accomplish their
regulatory functions after their recruitment into a putative
effector complex containing either ARGONAUTE4 or -6 (7-9).
More recently, both forward and reverse genetic approaches
have characterized plant-specific components of the RADM
pathway that include 2 SNF2-type chromatin remodeling pro-
teins (DRD1 and Classy) (10, 11), as well as 2 forms of a fourth
type of multimeric Pol, so-called PolIV(PollVa) and PolV(Po-
IIVb) (12-16). Phylogenetic studies indicate that PollV(Po-
1I'Va)/PolV(Poll Vb) are widely distributed in the plant kingdom,
being present from algae to higher plants, and that they have
emerged in a multistep manner from PolII (17).

Unlike the 3 nuclear Pols, PolIV(PolIVa) and PolV(Poll'Vb)
share the same second-largest subunit, NRPD2, but differ in
their largest subunit, named NRPDI(NRPDla) and
NRPE1(NRPDI1b), respectively (12-15). Biochemical analyses
have confirmed that PollV(PollVa) and PolV(PollVb) form
independent multimeric complexes that are mutually stable in
the single nrpdl and nrpel mutants (15). Further analysis of the
nrpdl and nrpel mutants has led to the proposal that Poll V(Po-
IIVa), in concert with RDR2 and to some extend DCL3, is
involved in the production of nearly all 24-nt sSRNAs, whereas
PolV(PolI'Vb), which is not mandatory for sSRNAs accumulation,
probably acts downstream in the RADM pathway by targeting
DNA methylation (7, 14-16, 18, 19). Consistently, recent studies
have revealed that a specific interaction between the effector
protein AGO4 and a WG/GW-rich domain present in the
extended C-terminal region of PolV(PollVb) is critical for
RdDM (20). However, the exact function of PolV(PollVb) in
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RdDM remains unclear, and several models favor a structural
rather than an enzymatic role for PolV(PolI'Vb) in this pathway (14,
19). Moreover, to date, both PolIV(Poll Va) and PolV(Poll Vb) are
defined only by their largest and second-largest subunits, and their
precise subunit composition is not yet known.

Here, we have devised a bioinformatics-based approach aimed
at characterizing subunits of PolIV(PolIVa)/PolV(PollVb)
complexes in Arabidopsis. In particular, we show that the RPB5-
type coding genes have expanded in plants, owing to the
emergence of a group of related subunits, hereafter referred to
as NRPES, whose prominent member NRPES5a is physically and
functionally linked to PolV(PolI Vb). We also show that NRPESa
is replaced by the common subunit NRPB5a in PolIV(Poll Va),
therefore confirming the combinatorial diversity of Poll V(Poll Va)/
PolV(PolI Vb) subunit composition. Finally, we show that nrpel-3/
drd3-3, a substitution mutant in the aspartate triad motif con-
served in the catalytic site of multimeric Pols, is a stable,
loss-of-function allele of NRPE1(NRPD1b) that is functionally
indistinguishable from nrpel-11, a null T-DNA insertion mutant
allele lacking NRPE1(NRPD1b)/PolV(PolIVb). These results
strongly support the notion that PolV(PolIVb) is a functional
eukaryotic-type enzyme whose activity is important for its
function in RADM.

Results and Discussion

High Complexity of the RPB5-Type Subunit Family in Plants. All
conserved nuclear Pols share a similar subunit organization, with
2 related specific large subunits and a various number of smaller
polypeptides, including 5 common subunits (RPBS, -6, -8, -10,
and -12) that are often encoded by single genes (2). As a starting
point of this study, we reasoned that it is likely that plant-specific
variant forms of the common subunits might be present in the
PolIV(PollVa)/PolV(PollVb) enzymes. We therefore per-
formed an exhaustive search of the Arabidopsis genome to
identify all genes encoding for putative common-type Pol sub-
units. Beside close homologues of the RPB6, -8, -10, and -12-type
Pol subunits encoded by 2 genes respectively, we identified 5
different genes for RPB5-type proteins that exhibit 38-48%
identity over their entire sequences (Fig. 14). This result is in
agreement with a previous report that noticed the existence of
an extended RPBS5-like Pol subunit family in Arabidopsis (21).
All RPB5-type proteins characterized in our study harbor the
bipartite organization typical of Saccharomyces cerevisiae (Sc)
RPBS, with a eukaryote-specific N-terminal Jaw domain and a
C-terminal Assembly domain resembling the archaeal Pol sub-
unit H (22, 23) ([Fig. 1B and Fig. S1). To assess evolutionary
relationships among these genes, phylogenetic trees for RPBS,
-6, -8, -10, and -12 subunits were constructed with plant se-
quences and related proteins from yeast, animal, and archaea.
Their comparison indicates that eukaryotic sequences corre-
sponding to all subunits but RPB5-type ones form a monophy-
letic group that is sister to the corresponding archaea group,
suggesting that plants do not have variant of RPB6, -8, -10, and
-12 Pol subunits (Fig. S2). In contrast, the phylogenetic tree
constructed with RPB5-type sequences consists of 3 indepen-
dent groups, each represented by typical eukaryotic RPBS
(including 2 members of the Arabidopsis RPB5-type protein
family, hereafter referred to as AtNRPB5a and AtNRPB5b),
archaeal Pol subunit H, and plant-specific RPB5-type proteins
(including 3 RPBS5-type proteins, hereafter referred to as
AtNRPESa, AtNRPESD, and AtNRPESc according to our cur-
rent data) (Fig. 1C). RT-PCR analysis indicated that all 3
plant-specific NRPES genes are expressed in Arabidopsis organs,
with NRPE5a presenting the largest pattern of expression (Fig.
1D). Taken together with previous results, our data indicate that
plants express 2 classes of RPB5-type Pol subunits.
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Fig. 1. Higher plants contain 2 classes of RPB5-type Pol subunits. (A) Genes
identified for each common Pol subunit in the Arabidopsis genome. Identical
amino acid percentages between the Arabidopsis sequences are given for
each universal subunit. (B) Diagrams show ScRPB5 and its homologues in
Arabidopsis. The overall amino acid identity between NRPB5a and its homo-
logues is indicated for the Jaw and the Assembly domains. AtNRPB5a and -b
correspond to At39g22320 and At5g57980, respectively, whereas AtNRPE5a, -b,
and -c correspond to At3g57080, At2g41340, and At3955490. (C) Evolutionary
relationships between NRPB5-type proteins and related factors. The unrooted
phylogenetic tree was inferred from the full-length protein alignment from
Fig. S1. Sc, Saccharomyces cerevisiae; At, Arabidopsis thaliana; Os, Oryza
sativa; Hs, Homo sapiens; Dm, Drosophila melanogaster; Pf, Pyrococcus furio-
sus; Sa, Sulfolobus acidocaldarius. (D) RT-PCR analysis of NRPB5a and
NRPE5s expression in various Arabidopsis tissues, including roots (Ro),
leaves (Le), flower buds (FB), flowers (Fl), siliques (Si), and seeds (Se). EF1-4«
was used as a control. Ge represents the genomic DNA control.

NRPE5a Is a PolV(PollVb) Subunit. As a first step toward the
understanding of NRPES family function, 2 different peptide
antibodies were raised against NRPESa and NRPESc proteins,
and we characterized Arabidopsis lines containing the T-DNA-
disrupted mutant alleles nrpe5a-1, nrpe5b-1, and nrpeSc-1 (Fig.
2A4). Plants homozygous for these mutant alleles were identified
by PCR genotyping and were used as controls in Western blot
experiments. For the 3 homozygous mutants, RT-PCR analysis
indicated the absence of the corresponding full-length NRPES
transcript (Fig. S3). In wild-type flower extracts, a protein with
an apparent mass similar to the NRPES5a predicted size (=25
kDa) was specifically detected with anti-NRPESa antibody as
judged by the absence of signal in corresponding KO line (Fig.
2B). Although the anti-NRPES5a antibody was prone to detect a
recombinant NRPESb (data not shown), no specific protein
corresponding to NRPESb was detected by Western blot in the
nrpeSa-1 mutant (Fig. 2B). Likewise, Western blot analysis
performed on wild-type vs. nrpeSc-1 null mutant using a func-
tional anti-NRPE5c antibody failed to detect any specific signal
corresponding to this protein, suggesting that NRPESc is ex-
pressed at a very low level in flowers (data not shown). Taken
together, our results suggest that NRPESa is the prominent
NRPES-type subunit expressed in Arabidopsis.

Previous works have shown that NRPBS5a, as expected for a
common Pol subunit, is associated with the purified forms of
PolI-III (21, 24) (Fig. S4). In contrast, NRPES5a was shown to be
absent in Polll and PolIIl (21) (Fig. S4), therefore raising
questions about the nature of its Pol partner. To test whether
NRPES5a is associated with PollV(Poll Va)/PolV(PollVb), we
first analyzed the costability of this protein in mutant back-
grounds lacking PolIV(PollVa), PolV(PollVb), or both forms
(15). These experiments indicated that NRPE1(NRPDI1b) sta-
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Fig. 2. Mutual stability of NRPE5a and NRPE1(NRPD1b) in various null
mutants. (A) Diagram of the AtNRPE5-type genes in Arabidopsis. Translated
exons are indicated with open gray boxes. Vertical open arrowheads indicate
the location of the T-DNA insertions. (B) Western blot analysis of total extracts
from wild-type (Ws/Col-0) and independent nrpe5 single/double mutants
using the anti-NRPE5a antibodies. A nonspecific cross-reacting band (indi-
cated by an asterisk) was used as a loading control. (C) Stability of the NRPE5a
protein in single nrpd1-4 and nrpde1-11 and corresponding double mutants.
Coomassie blue staining was shown as a loading control. (D) Stability of the
NRPE1(NRPD1b) subunits in nrpe5a-1 mutant. NRPB1, the largest subunit of
Polll, and a nonspecific anti-NRPE 1(NRPD 1b) cross-reacting band (indicated by
an asterisk) were used as loading controls. Long exp, longer exposure.

bilizes NRPES5a, because most of the signal disappeared in single
nrpel-11 and double nrpdl-4/nrpel-11 mutants but remained
mostly unaffected in the single nrpd1-4 mutant (Fig. 2C). Con-
versely, we then tested the impact of NRPESa depletion on the
stability of NRPD1(NRPD1a)/NRPE1(NRPD1b) proteins. As
shown in Fig. 2D, the level of NRPEI(NRPDI1b) protein was
significantly reduced (see longer exposure), whereas the accu-
mulation of NRPD1(NRPD1a) seemed at most slightly affected,
considering the loading controls. These results suggest that a
complex formation between NRPE1(NRPD1b) and NRPES5a is
necessary to maintain their mutual stability in vivo. This conclusion
is also consistent with the structural data indicating that RPB5-type
proteins bind the large subunit of multimeric Pol (3, 22).

Our results suggest that the majority of the pool of NRPE5a
protein is specifically associated with PolV(PollVb) in vivo.
However, the association of a low amount of NRPE5a with
PolIV(Poll Va) cannot be excluded. We then specifically immu-
noprecipitated either PollV(PollVa) or PolV(PollVb) from
flower extracts of complemented nrpdi-4 (Fig. S5) or nrpel-11
(20) transgenic lines expressing functional Flag-tagged version of
NRPD1(NRPD1a) or NRPE1(NRPDI1b), respectively. Both Flag-
tagged versions of NRPD1(NRPD1a) and NRPE1(NRPD1b) and
their associated NRPD2 subunit (data not shown) were specifically
pulled down from transformed plant extracts (Fig. 3), indicating
that the tagged proteins retain their ability to form both
Poll'V(PolIVa) and PolV(PolIVb) in vivo. Analysis of the corre-
sponding M2 affinity eluates using anti-NRPES5a antibody demon-
strated the exclusive association of NRPE5a with PolV(Poll Vb)
(Fig. 3). Contamination of the NRPE1(NRPD1b)-Flag eluate by
other Pols could be ruled out because NRPB5a, a subunit shared
by the 3 conserved Pols (21, 24), was not recovered in the purified
fraction (Fig. 34). In contrast, NRPB5a but not NRPESa was
recovered in the NRPD1(NRPD1a)-Flag eluate (Fig. 3B), suggest-
ing that NRPBS5a is also associated with PolIV(Poll Va). Although
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Fig.3. NRPE5aisa plant-specific subunit of PolV(PollVb). Physical interaction
between NRPE5a and PolV(PollVb) (A) or PollV(PollVa) (B) detected by immu-
noprecipitation. Protein extracts prepared from either wild-type or comple-
mented NRPE1(NRPD1b)/NRPD1(NRPD1a)-Flag transgenic lines were immu-
noprecipitated using anti-Flag M2 antibody, and the input/pellet fractions
were analyzed by Western blot. Membranes were analyzed to detect the Flag
epitope, NRPE1(NRPD1b), NRPE5a, and NRPB5a Pol subunits (A) or Flag
epitope, NRPB1, NRPE5a, and NRPB5a Pol subunits (B).

Polll is not present in the NRPD1(NRPD1a)-Flag eluate as judged
by the absence of NRPB1, we cannot formally rule out a contam-
ination of the purified material by Poll or PolIIl. In any case, these
experiments demonstrate that the plant-specific NRPBS5-like
proteins define a bona fide class of Pol subunit associated to
PolV(PollVb), referred to as NRPES, in keeping with the system
of nomenclature commonly used for multimeric Pols (25). Taken
together, these data extend our understanding of the repertory
of PollV(PollIVa)/PolV(Poll Vb) subunits and reveal an unex-
pected diversity in these Pol subunit compositions.

Partial Loss of Methylation and Silencing of RADM Targets in nrpe5a-1
Mutant. The association of NRPESa with PolV(PollVb) raises
questions concerning the ability of the PolV(PollVb) complex
lacking NRPES5a to direct sSRNA-dependent DNA methylation
and silencing. Methylation-sensitive restriction enzymes were
used for the examination of DNA methylation of the 5S rDNA
and solo LTR loci, 2 PolV(PollVb) targets, in wild-type vs.
nrpeSa-1 lines. CpG methylation of the 5S rDNA loci was
reduced in nrpe5a-1 mutant plants (Fig. 44). Similarly, both Alul
and Ddel enzymes cut the solo LTR element more efficiently in
nrpeSa-1 than in wild type, indicating moderate loss of asym-
metric methylation at these sites (Fig. 4B Top). However,
although neither enzyme digested solo LTR to completion, as
observed with the null nrpel-11 mutant (Fig. 5C), the loss of
DNA methylation in nrpeSa-1 was sufficient to activate the
expression of the adjacent IG/LINE transcript (Fig. 4B Bottom)
(26). To extend this analysis, we assessed the impact of NRPESa
KO mutation at PollIV(Poll Va)/PolV(Poll Vb)-dependent loci
that depend on PolV(PolI'Vb) for the production of 24-nt SRNAs
(Fig. S6) (15, 19). We found that sSRNAs corresponding to 2 of
these loci, SimpleHAT and 45S rDNA, were reduced in nrpe5a-1
plants, whereas the levels of the 5S and Rep2 sRNAs were not
substantially altered (Fig. 4C). Taken together, these results
indicate that the silencing/methylation defects noted in nrpeSa-1
could be linked to a defect in SRNA production/accumulation at
some loci (Rep2 and 458 loci) and also to an intrinsic defect of
PolV(PolI'Vb) to act downstream of the sRNA to direct high
levels of DNA methylation (5S loci). The differential outcomes
on DNA methylation and sRNA production may result from
target-specific requirements for NRPE5a function in RdDM,
which is reminiscent of the gene-specific activation defects
reported for the SCRPBS5 mutant, rpb5-9 (27). Because the nrpeSa-1
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Fig.4. Partial loss of methylation and silencing of RADM targets in nrpeb5a-1
mutant. (A) Southern blot analysis of 55 rDNA loci on genomic DNA digested
with methylation-sensitive enzyme Hpall in wild-type (WS) and nrpeb5a-1. (B)
Partial loss of CNN methylation at the solo LTR locus in wild-type vs. nrpe5a-1
plants (Top). Alul-, Ddel-, and nondigested DNA (Input) were used as a
template for PCRs using solo LTR primers. Derepression of the solo LTR-driven
IG/LINE expression in the nrpe5a-1 mutant was assessed by semiquantitative
RT-PCR using primers located in the IG/LINE. The constitutively expressed
GAPA gene is used as control (Bottom). (C) Differential effect of NRPE5a loss
on sRNA accumulation. Total RNA (30 ng) from inflorescences was successively
probed with various sRNAs, U6, and miR-159 as loading controls.

mutation does not completely destabilize NRPEI(NRPDI1b), it
remains possible that the remaining NRPE1(NRPD1b) is sufficient
to sustain PolV(PollI'Vb) activity at unaffected loci.

PolV(PollVb) Active Site Requirement for RADM. Previous studies
have suggested that PolV(PollVb) acts downstream of
PolIV(Poll Va) at repeated DNA loci to amplify sSRNA produc-
tion and direct DNA methylation (7, 14, 15, 18, 19). To date,
however, the catalytic competence of either PollIV(PollVa)/
PolV(PollI'Vb) form has not been directly assessed, and prevail-
ing models favor a structural rather than an enzymatic role for
PolV(PollVb) in RADM (14, 19). In an attempt to assess
PolV(PolI'Vb) active site requirement for sSRNA production and
RdDM, we further characterized nrpel-3/drd3-3, an EMS-
induced nrpel allele formerly recovered in a genetic screen for
loss-of-RdADM (14). This mutant allele carries a D—N substi-
tution in the invariant metal-coordinating motif (DFDGD)
named aspartate triad (Fig. 54). This substitution affects metal-
binding and transcriptional abilities of multimeric Pols while
preserving the overall geometry of the active site (28). As shown
in Fig. 5B, neither the accumulation of the triad mutant protein
nor its ability to interact with NRPES5a was affected in nrpel-3/
drd3-3, as opposed to the strong NRPE1/PolV(Poll Vb) complex
destabilization observed in the null T-DNA insertion mutant
nrpel-11 (15). This result supports the assumption that nrpel-3/
drd3-3 mutation does not impact significantly the folding and the
capacity of the triad mutant protein to interact with other
PolV(PolI'Vb) subunits. However, both the nrpel-3/drd3-3 and
nrpel-11 mutant plants exhibited similar loss of asymmetric
cytosine (CNN) DNA methylation at 3 PolV(PollVb)-
dependent loci (solo LTR, 5S repeats, and AtSN1) (Fig. 5C and
Fig. S7). Real-time PCR analysis indicates that both nrpel-11
and nrpel-3/drd3-3 mutant plants present a strong increase of
solo LTR-dependent IG/LINE expression that is correlated with
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Fig. 5. PolV(PollVb) active site requirement for RADM. (A) Sequence alignments in the conserved box D region of various Pol large subunits. The substitution
in the catalytic triad of nrpe1-3/drd3-3 mutant protein is indicated. (B) Western blot analysis of total extracts from wild-type, nrpe7-11, and nrpe1-3/drd3-3 plants
with the anti-NRPE1(NRPD1b) antibody (Top). The corresponding Coomassie staining is shown as a loading control. Inmunoprecipitation of NRPE5a using
anti-NRPE1(NRPD1b) antibody in wild-type, nrpe1-11, and nrpe1-3/drd3-3 extracts followed by the Western blot analysis of eluates with anti-NRPE1(NRPD1b)
and anti-NRPE5a antibodies (Bottom). (C) Loss of CNN methylation at the solo-LTR locus in wild-type, nrpe1-11, and nrpe1-3/drd3-3 plants. Real-time PCR analysis
of IG/LINE expression in wild-type, nrpe1-11, and nrpe1-3/drd3-3 plants. (D) Analysis of SRNA accumulation by Northern blot done with 30 ug of total RNA from
inflorescences from wild-type, nrpe1-11, and nrpe1-3/drd3-3 plants.
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the decrease in cytosine methylation at solo LTR element (Fig.
5C). Additionally, the analysis of the levels of SRNAs corre-
sponding to PollV(PollVa)/PolV(PollVb)-dependent loci do
not differ substantially between nrpel-11 and nrpel-3/drd3-3,
indicating that both mutations affect PolV(Poll Vb) activity to a
similar extent (Fig. 5D). Taken together, these results show that
nrpel-3/drd3-3 is a stable, loss-of-function allele of
NRPE1(NRPDI1b) that probably compromises the catalytic ac-
tivity of PolV(PolIVb).

Conclusion

The bioinformatic approach we followed has provided insights
into the composition and function of PoIV(PollIVb) in Arabi-
dopsis. First, we have found that both PollV(PollVa) and
PolV(PollVb) contain an RPB5-type subunit of a different
nature; PollV(PolIVa) harbors the universally shared NRPB5a
subunit, whereas PolV(PollVb) is associated with NRPES5a,
a plant-specific variant of NRPB5a. These results corroborate
and extend a previous phylogenetic analysis of the
NRPD1(NRPD1a)/NRPEI(NRPD1b) subunits in plants (17),
indicating that PolIV(PollVa)/PolV(PollVb) are eukaryotic-
type multimeric Pols. Second, we found that the nrpeSa-1
mutation differentially impacts SRNAs production and accumu-
lation by PolV(PollVb) at various RdADM-dependent loci. One
interpretation of this finding is that there is a target-specific
requirement for NRPESa in the process of PolV(PollVb)-
dependent gene silencing. The basis for this distinction could lie
in the selective/facilitated recruitment of PolV(PolI'Vb) through
its NRPES5a subunit via protein—protein or protein-DNA inter-
actions. In this regard, previous studies have shown that the
RPBS5 subunit is endowed with the ability to contact DNA
template (29, 30) and to interact with several transcriptional
gene regulators (31, 32). Third, because a plant-specific variant
has only been identified for NRPB5-type subunit, it is likely that
the other common subunits (i.e., NRPDB6, -8, -10, and -12) are
present in the 5 types of nuclear Pols. However, it remains also
possible that PolIV(PolI'Va)/PolV(PollVb), like some virus-
encoded multimeric RNA polymerases (33), had selectively lost
a subset of these subunits in the course of its evolution. Future
studies will be necessary to clarify this point and extend the
repertory of PollV(PollVa)/PolV(Poll Vb) subunits.
Magnesium ion plays a crucial role in nucleic acid polymer-
ization driven by multimeric Pol, and its binding site has been
mapped to a evolutionarily conserved triad of aspartate residues
that is present in all known Pol large subunits, including
NRPD1(NRPD1a) and NRPE1(NRPDI1b). Despite the conser-
vation of this motif, the catalytic competences of Poll V(Poll Va)/
PolV(PollI'Vb) have not been directly assessed, and prevailing
models favor a structural rather than an enzymatic role for
PolV(Poll'Vb) in RADM (14, 19). Results presented here on the
drd3-3/nrpel-3 mutant indicate that the conserved aspartate
triad and consequently the catalytic center of NRPE1(NRPD1b)
are essential for the function of PolV(PollVb) in the RdADM
pathway. Considering that catalytic triad mutants of Pol are
capable of template recognition and DNA melting (34), our data
do not favor a structural role of PolV(PolI'Vb) in which it would
only create and stabilize an open DNA complex to facilitate the
action of the DNA methyltransferase. In contrast, we found that
the integrity of the triad motif is required to sustain all known
PolV(Poll'Vb) activities associated with RdADM (i.e., de novo
DNA methylation, sSRNA accumulation at PollV(PollVa)/
PolV(Poll'Vb)-dependent loci, and silencing). This suggests that
a PolV(PolI'Vb)-nascent transcript is an integral component of
the sRNA silencing pathway. Because AGO4-sRNA complex is
bound to the PolV(PollVb) C-terminal domain (18, 20), the
nascent PolV(PollVb) transcript could act as a template for
AGO4-dependent recognition and cleavage, 2 steps that have
been shown to be essential for SRNA production at specific loci
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(8). Interestingly, one can find a good correlation between the
loci that require AGO4 catalysis (8) and PolV(PolIVb) activity
(Fig. 5D), reinforcing the hypothesis that these 2 events are
functionally linked. Future biochemical and functional studies
will be necessary to test this model.

Materials and Methods

Plant Materials. Characterization of the nrpe5 insertion mutant lines is de-
scribed in the SI Materials and Methods. nrpd1-4 plants complemented with
a NRPD1(NRPD1a)-tagged variant were obtained by using the strategy re-
ported by El-Shami et al. (20). NRPD1 (NRPD1a) promoter and coding sequence
were amplified using primers 352/465 and 462/463, respectively. The primers
are listed in Table S1.

Bioinformatics. Sequence alignment and phylogenetic analysis were derived
using CLUSTAL W with default parameters as described elsewhere (35).

RNA Isolation and Analysis. Total RNA were isolated from leaf tissues of
nrpd1-4, nrpe1-11,and wild-type Arabidopsis (ecotype Columbia) using TRIzol
reagent (Invitrogen). After DNase treatment, cDNA were obtained with an
Affinity Multitemperature cDNA synthesis kit (Stratagene) using oligo-dT
primer with 1 ug of RNA according to the manufacturer’s instructions. Details
on PCR analysis as well as real-time PCR amplification are presented in the S/
Materials and Methods.

For sRNA analysis, total RNA extraction and Northern blots were performed
as described by Pontier et al. (15), except that NX-Hybond membranes (Am-
ersham) and EDC (Sigma)-mediated cross-linking were used. The probes are
described in Table S1.

Plant Protein Extraction and Immunoblots. Total plant protein extracts were
obtained according to the method described by Pontier et al. (15). Inmunoblot
analyses were performed using the dilution 1:1,000 for anti-NRPB1 (8WG16 from
AbCam) and anti-Flag M2 monoclonal antibody (Sigma-Aldrich) and 1:5,000 for
anti-NRPB5a. The antibodies anti-NRPE1(NRPD1b) and anti-NRPD1(NRPD1a)
were used as described by Pontier et al. (15). Rabbit antisera were raised against
peptides designed in NRPE5a and NRPES5c (Table S1) (Eurogentec), affinity-
purified, and diluted 1,000-fold for Western blot analysis.

Immunoprecipitation. Total extracts from inflorescences were obtained as
described by Li et al. (18) and incubated with Anti-Flag M2 affinity gel (Sigma)
for 2 h at4°C. After centrifugation at 1,800 X g for 1 min, the resin was washed
with extraction buffer and resuspended in SDS-PAGE loading buffer. Immu-
noprecipitations using the anti-NRPE1(NRPD 1b) antibody were performed by
binding the antibodies onto ProteinA Sepharose CL-4B (Amersham) according
to the manufacturer’s instructions. After washes with PBS, total extracts
prepared as described above were added (“input’’). After a 2-h incubation at
4°C, the resin was centrifuged, washed, and the bound material ("pellet’’) was
recovered by direct resuspension in SDS/PAGE loading buffer.

DNA Methylation Analysis. Genomic DNA was extracted from leaves using the
Wizard Genomic kit (Promega). Southern blot analysis of 55 rDNA was digested
with methylation-sensitive enzymes Haelll or Hpall and hybridized to a 55 probe
(15). Cytosine methylation of the solo LTR acting as a promoter for IG/LINE was
studied using enzymes sensitive to CNN methylation (Alul and Ddel) in wild-type
and nrpeba-1 mutant. Disappearance or reduced levels of a fragment after
digestion with a given enzyme indicate loss of methylation at that site. Primers
used were LTR-F and LTR-R as described by Huettel et al. (26).

Note Added in Proof. To facilitate the naming of the PollVa/PolIVb subunits,
a nomenclature has been adopted for these enzymes using PollV and PolV
in place of the PollVa and PollVb terminology used previously. Accordingly,
and in agreement with the existing nomenclature for RNA polymerase
subunits, the PollV(PollVa)/PolV(PollVb)-specific subunits will be renamed
using the prefixes “Nuclear RNA Polymerase D (NRPD)"" and “’Nuclear RNA
Polymerase E (NRPE),” respectively. However, to facilitate the reading of
this article, we have kept both nomenclatures: PollVa appears as PollV-
(PollvVa), PollVb as PolV(PollVb), NRPD1a as NRPD1(NRPD1a), NRPD1b as
NRPE1(NRPD1b).
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