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Figure 5. NRPD4 encodes a protein with
sequence similarity to RPB4. (A) Diagram of
the NRPD4 gene showing the positions of
exons (solid boxes), introns, and sites of T-
DNA insertions. (B) Sequence alignment of
NRPD4 from Arabidopsis and rice and
RPB4 from Arabidopsis, rice, yeast, Droso-
pila, and human. (C) Phylogenetic relation-
ships among NRPD4 and RPB4 proteins.
The NRPD4 proteins are from Arabidopsis,
rice, and grape, while the RPB4 proteins are
from the three plant species and budding
yeast, Drosophila, and human. (D) Assay for
complementation of the yeast rpb4A
mutant. The cultures from each of the
indicated strains were diluted and spotted
onto YPD plates and incubated for 2 d at
28°C or 37°C.

then used to construct a distance tree. The analysis
reveals that NRPD4 and RPB4 proteins in higher eukar-
yotes are grouped into one clade that is different from the
RPB4 in budding yeast (Fig. 5C). Within the multicellular
eukaryotic clade, AtRPB4 groups with its orthologs in
rice, grape, and even humans, while the Arabidopsis
NRPD4 and its orthologs in rice and grape form a plant-
specific subclade (Fig. 5C). The result suggests that
NRPD4 and RPB4 evolved from a common ancestor after
this ancestor diverged from the yeast RPB4, and that
NRPD4 belongs to a plant-specific branch that functions
in TGS. Sequence analysis shows that the Arabidopsis
NRPD4 has an extra N-terminal region that is absent in
RPB4 from Arabidopsis, rice, Drosophila, and human
(Fig. 5B). NRPD4 orthologs from other plants, including
rice, grape, and Medicago, are also characterized by the
N-terminal extension (Fig. 5B; data not shown). The N-
terminal extension can only be found in plants and not in
any other higher eukaryotic organisms, further support-
ing that NRPD4 may function in plant-specific poly-
merases.

To test whether NRPD4 can serve as an alternative
member of RPB4 that functions in RNA polymerase II, we
transformed the Arabidopsis RPB4 (AtRPB4), NRPD4,
and an N-terminally truncated NRPD4 (75-205 amino
acids) into yeast rpb4A cells (Woychik and Young 1989).
NRPD4 or its N-terminally truncated version could not
complement the high-temperature sensitivity phenotype
of the yeast rpb4A mutant, whereas the Arabidopsis
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RPB4 partially complemented the yeast mutant (Fig.
5D). The result suggests that NRPD4 is not a functional
subunit of RNA polymerase II. It is interesting to note
that the budding yeast RPB4 (ScRPB4) also possesses an
N-terminal extension (Fig. 5B), which may confer certain
properties that are specific for the yeast protein. Never-
theless, AtRBP4, which does not have such an N-terminal
extension, but not NRPD4 or its N-terminally truncated
version, could partially substitute for SCRPB4 in yeast.
This observation suggests that the functional conserva-
tion between AtRPB4 and ScRBP4 and the lack of
functional conservation between NRPD4 and ScRPB4
are largely determined by their overall sequence similar-
ities rather than the presence or absence of N-terminal
extensions.

NRPD4 was used as a control in yeast two-hybrid
assays to examine the interaction of another RADM
component, AGO4, with potential interacting partners.
Interestingly, although no interaction was found between
NRPD4 and AGO4 as expected, a strong self-activation
was found for NRPD4 (Supplemental Fig. S5A). The result
indicates that NRPD4 functions in transcriptional acti-
vation (Supplemental Fig. S5A).

To examine the tissue patterns of expression of NRPD4,
the NRPD4 gene promoter was fused to the B-glucuron-
idase reporter gene (GUS). Analysis of the transgenic
plants expressing NRPD4 promoter-GUS indicated that
NRPD4 expression is strong in the shoot meristematic
region and in root tips, is less strong but easily detectable
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in cotyledons and flowers, and is weak in young leaves
(Supplemental Fig. S5B). To determine the subcellular
localization of the NRPD4 protein, an YFP-NRPD4 trans-
lational fusion was constructed and introduced into
Arabidopsis plants. Confocal imaging showed that the
fusion protein was mainly localized in the nucleus,
although weak signals were also present in the cytoplasm
(Supplemental Fig. S5C).

Interphase subnuclear localization of NRPD4

To determine the subnuclear organization of NRPD4, we
performed immunolocalization with an anti-peptide an-
tibody raised specifically to detect the native protein.
Two distinct types of nuclear distribution were found for
NRPD4 at interphase. In 67% of the cells, assigned as
having type-1 interphase nuclei, NRPD4 was detected as
small foci dispersed throughout the nucleoplasm (Fig. 6,
top-row nucleus). Interestingly, NRPD4 was largely ab-
sent from the major heterochromatic DAPI-rich regions
known as chromocenters (Soppe et al. 2002) and from the
nucleolus region, which was easily identified as a dark
hole after DAPI staining (Fig. 6, first-row nucleus). In
contrast, in type-2 interphase nuclei, in addition to its
diffuse nucleoplasmic distribution, NRPD4 was enriched
in a round perinucleolar body or nucleolar dot (Fig. 6,
middle-row nucleus). The failure to detect any NRPD4
signals in the nrpd4-1 loss-of-function mutant suggests
that the antibody is specific for this protein (Fig. 6,
bottom panel).

NRPD4/NRPE4 is partially colocalized with both Pol
IV and Pol V at interphase

To determine whether the NRPD4/NRPE4 protein pools
are substantially colocalizing with part of both Pol IV and
Pol V complexes, we examined their relative localization
in the nucleus by double immunostaining. For this
purpose, we analyzed the localization of NRPD4/NRPE4

a-NRPD4/NRPE4 DAPI

67%

WT

33%

n=107

83%

nrpd4/nrped

n=96

Figure 6. Subnuclear distribution of NRPD4/NRPE4. Repre-
sentative images of Arabidopsis interphase nuclei after immu-
nolocalization of NRPD4/NRPE4 (in green) in the wild type
(WT) and in the nrpd4/nrpe4 mutant. The frequency of nuclei
displaying each interphase pattern is shown on the right.
Nuclear DNA is stained with DAPI (blue). Bar, 5 pm.
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using the native antibody in transgenic lines expressing
epitope-tagged NRPD1 and NRPE1. As shown in Figure
7A, NRPD1 is distributed in a heterogeneous subnuclear
pattern, displaying discrete larger foci clustered near the
heterochromatic regions and also more diffusely distrib-
uted signals throughout the nucleoplasm as described
previously (Pontes et al. 2006). We observed that within
NRPD4/NRPE4 type-1 nuclei showing small, dispersed
foci in the nucleoplasm and no detectable signals in the
nucleolus or nucleolar periphery, the larger NRPDI foci
were mostly located near heterochromatin, and NRPD4/
NRPE4 were largely colocalizing (Fig. 7A). In contrast, no
significant colocalization of immunostaining signals was
found in NRPD4/NRPE4 type-2 nuclei that showed
a prominent nucleolar dot (Fig. 7A).

The largest subunit of Pol V, NRPEI, is clustered
within heterochromatic regions and shows a nucleolar
Cajal body-like structure near or within the nucleolus (Li
et al. 2006, 2008; Pontes et al. 2006). In the type-1 NRPD4/
NRPE4 nuclear distribution, five to seven spots were
colocalizing with NRPEI in the nucleoplasm near het-
erochromatin, while no colocalization within the nucle-
olar dot was observed (Fig. 7B). In contrast, in NRPD4/
NRPE4 type-2 nuclei, a prominent bright-yellow signal
was displayed within the nucleolar dot (Fig. 7B), suggest-
ing that this nuclear region is the main site in the nucleus
where this protein is colocalizing with NRPEL.

Previous studies have revealed that NRPE1 is colocal-
ized with AGO4 in the nucleus and that these two proteins
may be part of the same effector complex (Li et al. 2006).
AGO4 was distributed in the nucleoplasm, excluded from
major heterochromatic regions, and, like NRPEI, also
showed a nucleolar dot (Fig. 7C). Our colocalization
analyses revealed that NRPD4/NRPE4 was enriched at
the AGO4 nucleolar dot and that the proteins colocalized
to a lesser extent in the nucleoplasm (Fig. 7C).

NRPD4/NRPE4 interacts with NRPD1 and NRPE1

Because of the high similarity between NRPD4/NRPE4
and RPB4 and our findings that NRPD4/NRPE4 func-
tions in the RADM pathway, we asked whether NRPD4
might be a functional subunit of Pol IV and/or Pol V.
Coimmunoprecipitation experiments were carried out
to detect association between NRPD4/NRPE4 and the
largest subunit of Pol IV or Pol V. Protein extracts from
NRPDI1-Flag transgenic plants, NRPEI-Flag transgenic
plants, or wild-type plants without the transgenes were
incubated with antibodies against NRPD4/NRPE4, fol-
lowed by precipitation with protein A agarose beads.
The bound protein complex was washed and then eluted
for Western blot analysis using anti-Flag antibody to
detect whether NRPD1a/NRPD1 or NRPDI1b/NRPE1
was coimmunoprecipitated with NRPD4/NRPE4. The
analysis revealed that both NRPDI1-Flag (Fig. 8A) and
NRPE1-Flag (Fig. 8B) could be coprecipitated by the
NRPD4/NRPE4 antibodies. The results suggest that
NRPD4/NRPE4 can interact with both NRPDI1 and
NRPEL1 in vivo. Thus, NRPD4/NRPE4 might function
as a subunit in both Pol IV and Pol V.
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Figure 7. Colocalization of NRPD4/NRPE4 with Pol
IV, Pol V, and AGO4. Immunofluorescence of NRPD4/
NRPE4 (green| in transgenic lines expressing full-length ¢
epitope-tagged NRPD1 (A), NRPEI (B), and AGO4 (C) i
(all in red). The merged images reveal bright yellow
signals due to the overlap of red and green channels. The =
frequency of nuclei displaying each interphase pattern is
shown to the right. Nuclear DNA is stained with DAPI

(blue). Bar, 5 um.

Discussion

DNA methylation is an important epigenetic mark
conserved in plants, mammals, and some fungi. Approx-
imately one-third of methylated sequences in the Arabi-
dopsis genome are associated with small RNAs (Zhu
2008). RADM is a mechanism for achieving sequence-
specific de novo DNA methylation. Several components
have been identified for the RADM pathway, mostly by
forward genetic screens for suppressors of TGS in Arabi-
dopsis. In our system, mutations in the DNA demethy-
lase gene ROS1 caused TGS of the RD29A-LUC reporter
gene, the endogenous RD29A gene, and the 35S-NPTII
transgene. Our previous screens for rosl suppressors,
which were largely based on the kanamycin resistance
phenotype, led to the identification of RPA2, a component
of DNA replication and repair that is required for silenc-
ing of 35S-NPTII, possibly by functioning in the spreading
of TGS from RD29A-LUC to the linked 35S-NPTII trans-
gene or in maintaining the heterochromatin at 35S-NPTII
(Kapoor et al. 2005). The screens also led to the identifi-
cation of AGOG6 (Zheng et al. 2007) as a component
required for RADM, and to the identification of SUP32/
UBP26 (Sridhar et al. 2007), a ubiquitin protease. The
sup32/ubp26 mutant revealed a necessary role of histone
H2B deubiquitination in RADM. In this study, we carried
out a large-scale, systematic screen for ros1 suppressors.
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This effort led to the identification of seven known
components for RADM.

Mutations in NRPD1, NRPE1, NRPD2/NRPE2, HENT,
and DRD1 suppressed the TGS of RD29A-LUC but not of
358-NPTII. These mutations also blocked or reduced the
accumulation of 24-nt siRNAs and reduced DNA meth-
ylation, particularly CHH methylation of RADM target
loci (Figs. 3, 4; Supplemental Figs. S3, S4; data not shown).
These results demonstrate that RD29A promoter siRNAs
are the initial trigger of TGS in the ros1 mutant. The hda6
mutation, like sup32/ubp26 mutations (Sridhar et al.
2007), suppressed the TGS of both RD29A-LUC and
358-NPTII. These observations indicate that histone
deacetylation and deubiquitination are required for both
siRNA-dependent (RD29A-LUC) and siRNA-independent
(35S-NPTII) TGS. It is interesting that the ago4 mutation
also partially suppressed the TGS of 35S-NPTII, suggest-
ing that AGO4 may also have a siRNA-independent role
in TGS.

Importantly, our effort led to the identification of
several new components of RADM. One of them,
RDM?2, is similar to the RPB4 subunit of RNA poly-
merase II. Our data show that another gene (AtRPB4), but
not RDM2, can function as part of Pol II. This is
consistent with the sequence divergence between
RDM2 and RPB4 orthologs. In addition to divergence
along the entire length of the AtRPB4 sequence, RDM2


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on March 20, 2009 - Published by Cold Spring Harbor Laboratory Press

A Q\'z’q'
"
& o
& <
= S Input
3 3
g 2 g 2 o @
= =} = o N N
T =z 5 2 L L e
& & & & & & &
aFlag — =
<
A o
B & F
Input
3 3
e 2 & 2 & P
T 2 % 2 &858 s
g o4 & & £ & &
aFlag s o e

Figure 8. NRPD4/NRPE4 interacts with NRPDI and NRPEI.
Coimmunoprecipitation analysis of the interaction between
NRPD4 and NRPDI (A) or NRPE! (B). Anti-NRPD4 antibody
was incubated with protein extracts from flowers of NRPD1-
Flag plants, NRPE1-Flag plants, or wild-type plants without
transgenes, followed by immunoprecipitation with protein A
beads. The bound proteins were washed and eluted, followed by
Western blotting with anti-Flag antibody.

has evolved an N-terminal extension specific to RDM2
orthologs in plants. We found that RDM2 is associated
with both NRPDI1 and NRPEIl. Furthermore, RDM2
colocalizes, at least partly, with both NRPD1 and NRPE1
in subnuclear foci. These results suggest that RDM2 is
part of Pol IV and Pol V and thus should be referred to as
NRPD4/NRPE4. This conclusion is supported by the
important genetic function of NRPD4/NRPE4 in RADM.
Mutations in this critical component result in reduced
siRNA accumulation, defective DNA methylation, and
reactivation of sequences normally silenced by RADM.
Despite the important roles of Pol IV and Pol V in
RdDM, neither their protein compositions nor their bio-
chemical activities are presently known. It is possible
that Pol IV and Pol V need only the largest and second
largest subunits for their function in RADM. However,
our identification of a new subunit of Pol IV and Pol V in
this study suggests that like Pol II (Cramer 2002), Pol IV
and Pol V are multisubunit complexes. Consistent with
this notion of multisubunit structure for both Pol IV and
Pol V, proteomic analysis of NRPD1- or NRPE1-containing
protein complexes from plants revealed several subunits
shared by Pol IV, Pol V, and Pol II (Ream et al. 2008).
Research has clearly established that in Pol II, RPB4
and RPB7 form a dimer outside the core polymerase
complex, and that in addition to transcriptional roles,
RPB4 and RPB7 have functions independent of Pol II
(Khazak et al. 1998; Larkin and Guilfoyle 1998; Choder
2004). Although coimmunoprecipitation experiments
showed that NRPD4/NRPE4 can be associated with
NRPDI1 and NRPEI, immunolocalization studies show
that NRPD4/NRPE4 does not always colocalize with
either NRPD1 or NRPE1. Perhaps NRPD4/NRPE4 also
has functions independent of Pol IV and Pol V. Indeed,

NRPD4 and transcriptional gene silencing

some YFP-NRPD4 fusion proteins appear to be localized
outside the nucleus (Supplemental Fig. S5C). Even within
the interphase nucleus, it is unclear at the present time
whether NRPD1/NRPD4 complexes and NRPE1/NRPE4
complexes are mutually exclusive or whether the dispa-
rate patterns of NRPD4/NRPE4 localization may be due
to cell cycle regulation. It is also unclear whether
NRPD4/NRPE4 may shuttle between Pol IV and Pol V
and whether it is needed for only part of the functions of
Pol IV and Pol V. NRPD4/NRPE4 may be needed for Pol
IV function in initiating siRNA production from a subset
of Pol IV-dependent loci. This scenario could explain why
the apparently null allele (nrpd4-2) of NRPD4/NRPE4
substantially reduces siRNA accumulation from some
but not all NRPD1-dependent loci in the Col-0 back-
ground (Supplemental Fig. S4B). On the other hand, the
nrpd4/nrpe4 mutations have a strong effect on DNA
methylation at all Pol IV- and Pol V-dependent loci
examined. This observation suggests that NRPD4/
NRPE4 is important for Pol V function even when not
needed for Pol IV function. Nevertheless, it is clear that
NRPD4/NRPE4 does not always associate with Pol V
either. A portion of NRPE1 is always found in the
nucleolar dot, whereas NRPD4/NRPE4 localizes in the
nucleolar dot in only a subset of the cells examined.
Although the nucleolar dot has been hypothesized to be
a processing center for siRNAs because a portion of
RDR2, DCL3, AGO4, NRPEI, and siRNAs are found
there (Li et al. 2006; Pontes et al. 2006), the function of
this structure are still unknown. Like its RPB4 counter-
part in Pol II transcription and post-transcriptional RNA
metabolism, NRPD4/NRPE4 also appears to be a dy-
namic regulator rather than a stable subunit of pol IV
and pol V.

Materials and methods

Plant growth, mutant screening, and cloning

The wild-type C24 plants and the ros1 mutant plants carry the
homozygous Rd29A-LUC transgene (Ishitani et al. 1997). A T-
DNA-mutagenized population in the rosI mutant background
was generated as described previously (Kapoor et al. 2005). Plants
were grown in a controlled room at 22°C with 16 h of light and 8
h of darkness. About 200 T, seeds from each 25-line pool were
sterilized and planted individually in agar plates containing
Murashige-Skoog (MS) salts. RD29A-LUC expression was ana-
lyzed as described before (Ishitani et al. 1997). In brief, 7-d-old
seedlings were sprayed with luciferin (Promega) for lumines-
cence imaging under a CCD camera. The putative ros1 suppres-
sors that emitted high luminescence in MS plates were
transferred to grow in soil. After the seedlings grew for 1 mo,
ayoung leaf from each seedling was cut and treated with 200 mM
NaCl on filter paper for 3 h. The luminescence imaging was
applied on the leaves to further eliminate false positives. The
genomic sequence flanking the T-DNA insertion in the positive
mutant plants was determined by using the TAIL-PCR (Liu et al.
1995). For untagged mutants, map-based cloning was used to
identify the mutated genes.

The genomic sequence of NRPD4 was amplified and cloned
into a Gateway vector PMDC164 for complementation assay.
The cDNA clone containing the full-length NRPD4 ORF was
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obtained from ABRC (clone no. U67510) and was cloned into the
Gateway vector PEG104 for YFP-NRPD4 expression in trans-
genic plants. The RPB4 full-length ¢cDNA, NRPD4 full-length
c¢DNA, and its truncated version were cloned into the yeast
expression vector pYPGE15 for yeast complementation assay.
The NRPD4 and AGO4 cDNAs were cloned into pDEST22 and
pDEST33 for yeast two-hybrid assay.

RNA blot analysis

For Northern blot analysis, Arabidopsis seedlings were grown in
MS plates for 2 wk and harvested after cold treatment (4°C, 1 d)
or no treatment. Total RNA was extracted using Trizol (Invi-
trogen) and dissolved in DEPC-treated H,O. Twenty micrograms
of total RNA was separated on 1.2% denaturing agarose gels
containing 10% formaldehyde and was transferred to Hybond-N*
membranes (Amersham) for Northern hybridization. The small
RNA used in this study was extracted from flowers. In the total
RNA of flowers, the small-molecular-weight RN A was separated
from high-molecular-weight RNA by adding an equal volume
of PEG 8000 solution (20% PEG, 1 M NaCl). Therefore, high-
molecular-weight RNA was precipitated after centrifugation,
and small-molecular-weight RNA in the supernatant was pre-
cipitated by adding an equal volume of isopropanol overnight
at —20°C. Sixty micrograms of small-molecular-weight RNA
was separated on a 15% polyacrylamide gel at 200 V for 3 h. The
gel was electroblotted to Hybond-N* membranes (Amersham).
Membranes were cross-linked and hybridized overnight at 38°C
with [y-32P]ATP-labeled DNA oligonucleotides or a->*PdCTP-
labeled amplified DNA in PerfectHyb buffer (Sigma). Northern
blots were washed twice with 2X SSC, 0.1% SDS and then once
with 1X SSC, 0.1% SDS. Washed blots were exposed to X-ray
films. The DNA oligo probes and primers for probe amplification
are listed in Supplemental Table SI.

Yeast strains and yeast complementation

The yeast strains used for complementation assay of RPB4 and
NRPD4 were the wild-type strain (YSB1140) and its isogenic
derivative rpb4A (YSB1755) (Runner et al. 2008). The yeast two-
hybrid assay was performed in the yeast strain MaV203 (Invi-
trogen). Yeast transformation was performed using the yeast
transformation buffer (0.1 M LiAc, 40% PEG3350 in 1X TE).
Transformants were plated and selected on synthetic complete
medium (SC-aa) that lacked the specified amino acid. The
positive colonies were incubated and used for the growth assay.
For the rpb4A complementation assay, the culture was diluted
and spotted onto YPD plates. The plates were incubated for 2 d at
28°C and 37°C, respectively. For the yeast two-hybrid assay, the
culture was diluted and spotted onto SC-aa medium plates
lacking leucine, tryptophan, and histine and containing 50 mM
3-amino-1,2,4-triazole. The plates were incubated for 2-4 d at
28°C for interaction analysis.

DNA methylation assays

For Chop-PCR, genomic DNA (500 ng) was digested with the
methylation-sensitive restriction enzyme Haelll overnight. After
digestion, ~10% of digestion reaction DNA was used for ampli-
fication of AtSNI using gene-specific primers (Supplemental
Table S1). PCR conditions were 5 min at 94°C followed by 35
cycles of 30 sec at 94°C, 30 sec at 56°C, and 1 min at 72°C. PCR
products were then subjected to electrophoresis. For the South-
ern hybridization assay, 5 pg of genomic DNA was digested with
Hpall, Mspl, or Haelll. The digested DNA was loaded ontoa 1.2%
agrose gel and transferred to Hybond-N*" membranes. The 180-bp
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DNA repeat and 55 rDNA repeat were labeled with o-32PdCTP
for Southern hybridization to determine their DNA methylation
status. For bisulfite sequencing, 4 g of genomic DNA was
digested overnight with EcoRI and HindIll, and the digested
DNA was denatured and then used for bisulfite treatment in
a DNA sodium bisulfite treatment mixture including 15 pL of
DNA, 102 pL of fresh 40.5% sodium bisulfite (pH 5.0; Sigma),
and 3 pL of fresh 20 mM hydroquinone (Sigma). Bisulfite
treatment was performed in a PCR machine for 16 h at 55°C
with a jolt to 95°C for 5 min every 3 h. The sodium bisulfite-
treated DNA was purified with the Wizard DNA Clean-up
system (Promega) and dissolved in 200 pL of H,O. The purified
DNA was incubated for 20 min at 37°C after 13 pL of 5 N NaOH
was added, followed by precipitation with 3 volumes of ethanol
overnight at —20°C. The collected DNA was used for amplifica-
tion of endogenous and transgenic RD29A promoters, AtSN1,
and MEA-ISR elements. The PCR product was cloned into the
PGEM-T easy vector (Promega), and at least 10 individual clones
were sequenced for each sample. The primer information for
RD29A promoter, AtSN1, and MEA-ISR was obtained from
Kapoor et al. (2005), Xie et al. (2004), and Cao and Jacobsen (2002).

RT-PCR analysis

Total RNA was extracted with Trizol reagent (Sigma) from
flowers. Contaminating DNA was removed with DNase (Prom-
ega). For semiquantitative RT-PCR analysis, 5 pg of total RNA
was used for the first-strand cDNA synthesis with the Super-
Script III RT-PCR System (Invitrogen). The ¢cDNA reaction
mixture was diluted and then used as template for PCR. The
PCR conditions were preincubation for 5 min at 95°C, followed
by 28-35 cycles of denaturation for 30 sec at 95°C, annealing for
30 sec at 56°C, and extension for 60 sec at 72°C. TUB8 was used
as the internal control. All primers used in RT-PCR analysis are
listed in Supplemental Table S1.

Coimmunoprecipitation assays and immunoblotting

The immunoprecipitation assay was carried out as described
previously (Li et al. 2006).

One gram of seedlings from NRPD1a-Flag plants, NRPD1b-
Flag plants, or wild-type plants without transgenes was used for
preparation of cell lysates with 2 mL of protein extraction buffer.
The crude protein extracts were precleared with protein A
agarose beads (Pierce), followed by incubation with anti-NRPD4
antibody. The protein complex was captured and precipitated by
protein A agarose beads, washed five times with extraction
buffer, and eluted by boiling the beads in SDS sample buffer.
The eluted samples were resolved on an 8% SDS-PAGE gel for
Western blotting by anti-Flag antibody. Rabbit anti-NRPD4
antibodies were generated against the synthetic peptide
CGKSDKPTKSSKNSL-amide and affinity-purified using the syn-
thetic peptide.

Immunostaining

Interphase nuclei were isolated as described previously (Jasenca-
kova et al. 2000). Upon 4% paraformaldehyde post-fixation, the
nuclei were incubated overnight at 4°C with primary antibodies
for NRPD4/NRPE4 (1:100), anti-Flag (1:200; Sigma), and anti-
cmyec (1:200; Chemicon). Secondary antibodies, anti-rabbit Alexa
488 (Invitrogen) and anti-mouse Alexa 594, were diluted at 1:500
in PBS and incubated for 3 h at 37°C. DNA was counterstained
with 1 pg/mL DAPI in Prolong Gold mounting medium (Invi-
trogen). The preparations were inspected with a Nikon Eclipse
E800i epifluorescence microscope equipped with a Photometrics
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Coolsnap ES Mono digital camera. Images were acquired by the
Phylum software and pseudocolored and merged in Adobe
Photoshop.
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