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Abstract

Chromatin structure and gene expression are regulated by posttranslational modifications (PTMs) on the N-terminal tails of
histones. Mono-, di-, or trimethylation of lysine residues by histone lysine methyltransferases (HKMTases) can have
activating or repressive functions depending on the position and context of the modified lysine. In Arabidopsis,
trimethylation of lysine 9 on histone H3 (H3K9me3) is mainly associated with euchromatin and transcribed genes, although
low levels of this mark are also detected at transposons and repeat sequences. Besides the evolutionarily conserved SET
domain which is responsible for enzyme activity, most HKMTases also contain additional domains which enable them to
respond to other PTMs or cellular signals. Here we show that the N-terminal WIYLD domain of the Arabidopsis SUVR4
HKMTase binds ubiquitin and that the SUVR4 product specificity shifts from di- to trimethylation in the presence of free
ubiquitin, enabling conversion of H3K9me1 to H3K9me3 in vitro. Chromatin immunoprecipitation and immunocytological
analysis showed that SUVR4 in vivo specifically converts H3K9me1 to H3K9me3 at transposons and pseudogenes and has a
locus-specific repressive effect on the expression of such elements. Bisulfite sequencing indicates that this repression
involves both DNA methylation—-dependent and -independent mechanisms. Transcribed genes with high endogenous
levels of H3K4me3, H3K9me3, and H2Bub1, but low H3K9me1, are generally unaffected by SUVR4 activity. Our results imply
that SUVR4 is involved in the epigenetic defense mechanism by trimethylating H3K9 to suppress potentially harmful

transposon activity.
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Introduction

In eukaryotes, gene expression and chromatin structure is
specified by the combinatorial pattern of posttranslational modifi-
cations (PTMs) on the histone tails, which include phosphorylation,
acetylation, methylation, SUMOylation and ubiquitination [1,2].
These PTMs are interdependent, thus providing regulatory cross-
talk, and established at the histone tails in a coordinated manner by
different classes of highly specific chromatin modifying enzymes.

The combination of PTMs constitutes the so-called histone
code, and their downstream effect on chromatin organization and
gene expression 1s mediated by nonhistone effector proteins that
contain domains that bind or “read” this code in order to specify
epigenetic function. Such domains show specificity for particular
modified residues (e.g. acetylation or methylation of lysine) in the
context of its surrounding amino acid sequence, and for the state
of the modification (e.g. H3K9mel vs H3K9me3) [1,3]. For
example, domains belonging to the Royal Superfamily, including
the chromodomain, Tudor domain and MBT domain and
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members of the PHD finger family, bind methylated lysine
residues on the histone tails [4]. More specifically, the PHD finger
of the ORCI1 protein in Arabidopsis binds H3K4me3, but not
H3K4mel or H3K4me2 at target genes, and this mediates
H4K20 trimethylation and activates transcription [3].

Lysine ubiquitination of histones and other target proteins is a
three step process involving Ub (ubiquitin)-activating (E1), Ub-
conjugating (E2) and Ub-ligating (E3) enzymes, eventually leading
to monoubiquitination, multi-monoubiquitination or polyubiqui-
tination [6,7]. Ubiquitin binding domains (UBDs) represent a new
class of motifs that enable proteins to bind non-covalently to the
PTM ubiquitin. More than twenty families have been identified to
date, and they differ in structure and the type of ubiquitin
modification they recognize [6,7]. Poly-Ub chains linked via the
K48 residue of ubiquitin are largely recognized by UBDs of
receptors that target proteins for proteosomal degradation, while
monoubiquitin is recognized by UBDs of proteins involved in
processes like  DNA repair, regulation of protein activity,
chromatin remodeling and transcription [6-8].
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Author Summary

The characteristics of the diverse cell types in multicellular
organisms result from differential gene expression that is
dependent on the level of DNA packaging. Genes that are
essential for the function of the cell are expressed; while
unessential genes, and DNA elements (transposons or
“jumping genes”) that can move from one position to
another within a genome and potentially cause deleterious
mutations, are repressed. The mechanisms evolved in
eukaryotes to avoid unwanted gene expression and
transposon movement include DNA methylation and
specific combinations of post translational modifications
(PTMs) of the histones that package DNA. Here we show
that the SUVR4 enzyme binds the signaling protein
ubiquitin and that ubiquitin enables the enzyme to
trimethylate lysine 9 (H3K9me3) of histone H3. In contrast
to other reports demonstrating an activating role on
expressed genes, we show that H3K9me3 has a locus-
specific repressive effect on the expression of transposons.
The specificity is maintained by the communication with
other PTMs on transposons and euchromatic genes, which
has a stimulating or repressing effect on enzyme activity,
respectively. Our results demonstrate how repression of
transcription can be restricted to specific targets and
demonstrate that this repression involves a context-
dependent read-out of different PTMs.

The cross-talk between H2B monoubiquitination (H2Bub1) and
histone methylation has been extensively studied and is highly
conserved from vyeast to human. These studies show that
monoubiquitination of H2B recruits proteins that direct histone
H3K4 di- and trimethylation but not monomethylation by
activation of the Setl histone lysine methyltransferase (HKMTase)
of the COMPASS complex (reviewed in [9,10]). In Arabidopsis,
H2B monoubiquitination at K143 coincides with active transcrip-
tion [11-13]. Deubiquitinating enzymes (DUBs) oppose the
function of E3 ligases by deubiquitinating Ub-conjugated proteins.
Increased H2Bubl caused by a mutation in the DUB SUP32/
UBP26, leads to reduced H3K9me2 and increased H3K4me3 at
transposons that correlate with increased transcription [11]. A key
function for DUBs is to generate a pool of free ubiquitin
monomers from ubiquitin precursors synthesized from Ub-
encoding genes, and from polyubiquitin chains and ubiquitin
conjugates [14]. Free monomeric ubiquitin is required under stress
conditions, and organisms defective in ubiquitin precursor proteins
or DUBs are more sensitive to stress. In yeast, heat stress stimulates
the production and activation of the Doa4 deubiquitinase which
increases the supply of free monomeric ubiquitin by cleaving
polyubiquitin [15].

HKMTases contain SET domains with specificities for different
lysine residues on the histone tails, and may be involved in either
gene activation or gene repression depending on which lysine
residue is methylated [16]. In general, methylation of H3KO,
H3K27 and H4K20 has been associated with heterochromatin
and gene repression, while H3K4, H3K36 and H3K79 methyl-
ation has been related to euchromatin and gene activation [1].
The downstream effect of histone methylation also depends on the
number of methyl groups at each lysine residue. Histones mono-,
di-, or trimethylated at lysines are differently distributed within eu-
and heterochromatin, each potentially indexing a specific
biological outcome [17,18]. For example, in Arabidopsis,
H3K36 trimethylation, but not H3K36 monomethylation, shows
a strong positive correlation with transcription of MADS box
genes involved in flowering-time and flower development [19,20].
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Although lysine methylation to a large extent is conserved
between eukaryotes, the distribution and biological outcome of the
methylation may be different. H3K9mel, H3K9me2 and
H3K27me2 are for instance predominantly found in the
chromocenters of Arabidopsis but not in mouse chromocenters
(reviewed in [21,22]). Conversely, H3K9me3 and H4K20me3 that
localize to heterochromatin in mouse are mainly associated with
euchromatin in Arabidopsis. Additionally, recent results suggest
that in contrast to other eukaryotes, H3K9me3 methylation
correlates with gene transcription and might have a slight
activating function in Arabidopsis [23,24].

H3K9 methylation is carried out by proteins of the SU(VAR)3-
9 subgroup which consists of 14 proteins in Arabidopsis; the
SU(VAR) 3-9 HOMOLOGs SUVHI-SUVHY, and the more
distantly related SU(VAR) 3-9 RELATED proteins SUVRI-5
[25]. In addition to the SET domain the SUVH proteins contain
the YDG/SRA domain that has been shown to bind methylated
DNA and might direct SUVH mediated H3K9me2 to hetero-
chromatin or stimulate its activity [26]. Thus in Arabidopsis, the
SUVH proteins link the epigenetic gene-silencing marks
H3K9me2 and DNA-methylation and work as transcriptional
repressors of transposons or inverted repeat sequences, for instance
by directing CHG methylation via the CMT3 DNA methyltrans-
ferase (reviewed in [27]). In contrast to the SUVH proteins, the
SUVRI1, SUVR2 and SUVR4 proteins do not contain an YDG/
SRA domain, but an N-terminal WIYLD domain of unknown
function [28], suggesting another mode of action for these
proteins. SUVR  proteins associate with the nucleolus or
euchromatin, and we have earlier shown that SUVR4 can
dimethylate H3K9 when this position is monomethylated [28].

In the present study we show that the WIYLD domain of
SUVR4 specifically binds ubiquitin, demonstrating a close
connection between ubiquitin  binding and histone H3K9
methylation. We have furthermore revealed that ubiquitin
stimulates the enzyme activity of SUVR4 and converts SUVR4
from a strict dimethylase to a di/trimethylase i vitro. Chromatin
Immunoprecipitation (ChIP) analysis of Arabidopsis lines with
reduced or enhanced expression of SUVR4, demonstrate that
SUVR#4 localizes to both euchromatin and heterochromatin
vivo, but only converts H3K9mel to H3K9me3 at transposons and
pseudogenes. SUVR4 dependent H3K9 trimethylation correlates
with locus specific transcriptional repression of transposable
elements intercalated within euchromatin of the Arabidopsis
genome.

Results

The WIYLD domain is a ubiquitin-binding domain

To address the function of the SUVR4 WIYLD domain, a
construct encompassing only this domain (Figure 1A) was used in a
yeast two-hybrid screen to identify interacting proteins. One
positive clone identified in this screen, contained the full-length
coding sequence (CDS) of UBIQUITIN EXTENSION PRO-
TEIN 1 (UBQI, AT3G52590) (Figure 1B). The UBQI protein
consists of an N-terminal ubiquitin moiety and the C-terminal
ribosomal protein L40 [29]. These moieties were subcloned and
tested separately for their interaction with SUVR4-WIYLD.
Clones containing the ubiquitin moiety, but not clones containing
the L40 moiety, supported growth on selective media when
transformed into yeast cells and mated with cells containing
SUVR4-WIYLD, suggesting that SUVR4 specifically interacts
with ubiquitin (Figure 1B). This was confirmed in an i vitro pull-
down experiment, where SUVR4-WIYLD pulled down full-length
UBQ! and ubiquitin but not .40 (Figure 1C).
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Figure 1. The WIYLD domain is a ubiquitin-binding domain. (A) Layout of the SUVR4 full-length protein, showing the different domains/
motifs and the regions included in the two constructs SUVR4-WIYLD and SACSET. SP, SUVR pre-SET; |, pre-SET [; II, pre-SET II; SET, SET domain. Black
box indicates the post-SET domain [28].The amino acid sequence of SUVR4 from Nys to Kg3 encompassing the WIYLD domain, with conserved
residues shaded in black, and residues mutated in this work indicated with arrowheads. (B) Yeast two-hybrid interaction test between SUVR4-WYILD
and the full-length CDS of UBQ1, as well as the N-terminal ubiquitin (Ub) and the C-terminal ribosomal L40 moieties of UBQ1. -L/-T — medium
selective for diploid colonies; -L/-T/-H +3 AT - medium selective for protein-protein interactions. AD, control mating with empty prey vector; BD,
control matings with empty bait vector. (C) GST-SUVR4-WIYLD immobilized on glutathione sepharose beads were used to pull down MBP, MBP-
UBQ1, MBP-Ub or MBP-L40 from bacterial lysate. Pull-down reactions were separated on SDS-PAGE, blotted onto a PVDF membrane and detected
with an anti-MBP antibody. IN, input (5%); GST, GST negative control. (D) ["H,">N]-HSQC spectrum of SUVR4-WIYLD in its free form (black), and after
the addition of excess ubiquitin to a molar ratio of 1:3 (red). The assigned amino acid residues are indicated. (E) GST pull-down of H2Bub1. GST-
SUVR4-WIYLD was mutated at positions D74, R37 and W61 and used for GST pull-down of core histones from calf thymus. The pull down reactions
were blotted onto a PVDF membrane and probed with an antibody against ubiquitinylated H2B (H2Bub1).

doi:10.1371/journal.pgen.1001325.9001

To address whether the WIYLD domain binds ubiquitin in its
unconjugated form and to identify residues directly involved in the
interaction between WIYLD and ubiquitin, an NMR analysis was
performed. The ['H,"’N]-HSQC spectrum of '"N-isotopically
labeled SUVR4-WIYLD is well-dispersed demonstrating that the
protein domain is folded (Figure 1D). Upon titration of ubiquitin,
chemical shift perturbations were observed for a number of
residues including the six consecutive amino acids Yo TALVD7,
of helix 3 (Figure 1D), indicating that they are involved in binding.
Alignment of SUVR4-WIYLD with WIYLD domains in other
proteins have earlier shown that many of these residues are highly
conserved (Figure 1A and [28]).

SUVR4 binds and efficiently methylates calf thymus histone H3
as well as H3K9mel peptides i vitro, but shows only weak activity
against recombinant histones, arguing that SUVR4 cross-talks to
premodified histones [28]. Since the WIYLD domain binds
ubiquitin, and SUVR4 binds and methylates histones, we tested
whether the WIYLD domain binds H2B monoubiquitinated on
lysine 143 (H2Bubl), which is the only ubiquitination on core
histones reported so far in Arabidopsis [11,30]. In these
experiments the WIYLD domain indeed was able to pull down
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H2Bubl, however, when R37 and D74 were mutated, the
interaction was strongly reduced (Figure 1E). This supports the
chemical shift perturbations shown by the NMR analysis, arguing
that these residues are directly involved in ubiquitin binding.
Interestingly, the invariant W61 residue that showed no shift in the
NMR analysis, only weakly affected the WIYLD-ubiquitin
interaction when mutated, confirming that this position is not
crucial for ubiquitin binding.

The WIYLD domain enhances the HKMTase activity of
SUVR4 through binding of ubiquitin

As the WIYLD domain was able to bind ubiquitin (Figure 1D),
we asked whether ubiquitin could stimulate SUVR4 enzyme
activity, as previously shown for the deubiquitinase USP5 [31]. To
this end, we compared the activity of a SUVR4 protein without
the WIYLD domain to a full-length SUVR4 protein, both in
fusion with the Maltose Binding Protein (MBP-SACSET and
MBP-SUVR4, Figure 1A), with and without the addition of
ubiquitin. In both cases the full-length protein showed higher
enzymatic activity than the truncated SACSET fragment
(Figure 2A, B), suggesting that the WIYLD domain has a positive
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effect on the catalytic activity of SUVR4 although the domain
itself does not contain HMTase activity (Figure S1C). The
difference in activity was more pronounced when ubiquitin was
added to the reaction. With ubiquitin the full-length protein was
stimulated 2-3 fold whereas the SACSET construct was only
weakly affected, suggesting that most of the ubiquitin response is
mediated through the WIYLD domain (Figure 2A, B). Addition of
free ubiquitin only stimulates enzymatic activity of the SUVR4
protein on histone H3 but does not affect its specificity as no other
core histones becomes methylated (Figure 2C).

Ubiquitin converts SUVR4 from a strict dimethylase to a

di/trimethylase

Using H3K9mel and H3K9me2 peptides we tested whether the
increased SUVR4 enzyme activity after the addition of ubiquitin
also affected the product specificity. As expected from previous
results [28], H3K9mel peptides were the preferred substrate as
unmethylated peptides were only weakly methylated (Figure S1A),
and no activity against H3K9me?2 peptides was observed in the
absence of ubiquitin. Methylation of H3K9mel modified peptides

A B
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was increased 2.5-3 fold when ubiquitin was added to the reaction
(Figure 2D). Unexpectedly we also observed methylation of the
H3K9me2 peptide in the presence of ubiquitin, suggesting that
ubiquitin converted the SUVR4 protein to a histone H3K9
trimethylase (Figure 2D, Figure S1B). The activity on H3K9me2
peptides was however several folds lower than when H3K9mel
peptides were used. No activity was observed on H3K9me3
peptides either with or without ubiquitin, excluding the possibility
that any other lysine of histone H3 1-21 was methylated by
SUVR4, underscoring the specificity against H3K9 (Figure 2D).
The products from the enzyme reactions using peptide
substrates were analyzed by peptide mass fingerprinting. After 3
hours incubation, the reactions containing SUVR4 only converted
40.9% of the H3K9mel peptide to H3K9me2, while 0% was
converted to H3K9me3 (Figure 2E, upper middle panel). In the
reactions containing ubiquitin, 90.2% of the H3K9mel peptide
was converted to H3K9me2 while 3.5% was converted to
H3K9me3 (Figure 2E, upper right panel). When H3K9me2
peptides were used as substrate, we did not see any conversion to
H3K9me3 above background level in the absence of ubiquitin (3%
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Figure 2. SUVR4 HKMTase activity is stimulated by free ubiquitin /n vitro. (A) HKMTase assay on core histones using a construct
encompassing the SACSET domain of SUVR4 or the full-length SUVR4 protein without and with the addition of free ubiquitin. (B) Quantification of
band intensity from fluorogram in A, relative to the reaction with SUVR4 without adding ubiquitin. The graph represents the average of four
independent assays. (C) HKMTase assay with SUVR4 full-length using core histones from calf thymus as substrate, without (left) and with (right) the
addition of 5 pg free ubiquitin, respectively. (D) The same assay as (C) but using histone H3 1-21 K9me1, H3 1-21 K9me2 or H3 1-21 K9me3 peptides
with and without the addition of 5 ug free ubiquitin. (E) Peptide mass fingerprints of the products of an identical HKMTase assay as in C, using
unlabelled SAM as methyl donor and H3 1-21 K9me1 (upper panel) or H3 1-21 K9me2 peptides as substrate (lower panel). Products from assays
without (left) the addition of SUVR4 enzyme, containing SUVR4 protein (middle) and SUVR4 protein with the addition of 5 pg ubiquitin (right), were
analyzed. The mass spectra of each peptide are shown as bars representing the mass-to-charge ratio (m/z), and the most abundant m/z is set to
100%. The length of the bars indicates abundance of the m/z relative to the most abundant. All enzyme assays were repeated at least 4 times with

independent protein samples.
doi:10.1371/journal.pgen.1001325.g002
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background H3K9me3, versus 3.5% when SUVR4 was added to
the reaction) (Figure 2E, lower middle panel), however when
ubiquitin was present together with SUVR4, a 16.4% conversion
from H3K9me2 to H3K9me3 was found (Figure 2E, lower right
panel). This suggests that ubiquitin stimulates the catalytic activity
of SUVR4 and alters the product specificity in that it converts
SUVR#4 from a strict dimethylase to a di/trimethylase.

SUVR4 directs H3K9 trimethylation to transposon
chromatin

As SUVR4 converts H3K9mel to H3K9me2/3 in wvitro, we
asked how these modifications were affected by SUVR4 in vivo.
Since no SUVR4 T-DNA knock-out insertion lines were available,
knock-down RNAI lines for SUVR4 were established. We also
generated GFP overexpression (OE) lines where SUVR4-GI'P
expression was driven by the strong constitutive 35S promoter,
giving a uniform SUVR4-distribution in the nucleus in addition to
accumulation in the nucleolus or in foci of unknown function
(Figure S2). A weaker glucocorticoid-inducible construct has
earlier been reported to give an almost exclusive nucleolar
localization of SUVR4 [28]. We did not observe any phenotypes
under the tested growing conditions for neither the SUVR4-GFP
line, nor the SUVR4 RNAI line.

H3K9mel-3 display different nuclear distributions, with high
H3K9mel/2 in chromocenters and pericentric heterochromatin,
whereas H3K9me3 is distributed more uniformly in the
nucleoplasm with highest concentration in euchromatin and at
expressed genes [32]. Immunocytological analysis on seedling
leaves using specific antibodies against H3K9me showed a strong
reduction in H3K9mel and a corresponding increase in
H3K9me3 in nuclei with high SUVR4-GFP expression
(Figure 3A). Nuclei from lines with a low SUVR4-GFP expression
did not show this effect on H3K9mel and H3K9me3 methylation,
suggesting that the global changes in H3K9mel and H3K9me3
correlated with SUVR4-GFP expression (Figure 3A).

To analyze this effect at individual genes, ChIP experiments
were performed with the same antibodies as used for immunocy-
tological analysis and an antibody specific for GFP, respectively.
Different classes of transposon sequences were selected for ChIP
analysis, as these sequences are likely targets of SUVR4 because of
their high H3K9mel level (Figure 3B and Table 1). These
experiments confirmed that SUVR4 is associated with transposons
and genes both in eu- and heterochromatin, but a significantly
higher amount of SUVR4-GFP is found at euchromatic genes like
TUB8 and ACTIN? (Figure S3). However, only transposon and
pseudogenes like AtSNI, AtGPI1, AtMUI, AtCOPIA4 and MULE
At2g15810 were affected by overexpression of SUVR4, resulting in
a drastic increase in H3K9me3 and reduction of H3K9mel
(Figure 3B). We did not see any effect of SUVR4 OE for highly
expressed genes like TUBS8 or ACTIN2, or for the moderately
expressed transposon At4gl13120, all with an already low level of
H3K9mel. Although having a dramatic effect on H3K9me3 at
transposons, SUVR4 OE did not affect the distribution of the
euchromatic mark H2Bubl at any of the tested sequences (Figure
S4A).

As the 35S driven SUVR4-GFP construct could lead to
unspecific downstream effects due to ectopic and elevated SUVR4
expression, we complemented the OE data with ChIP analysis of
two of the transposons in knock-down SUVR4 RNAI plants. The
RNAI lines showed a 90% reduction of the SUVR4 expression
level compared to wild type (Figure S5 A). In contrast to the OE
line, there was an increase of H3K9mel on AiSNI and MULE
At2¢15810 (Figure 3C). Furthermore, there was a corresponding
reduction of H3K9me3, suggesting that SUVR4 directs
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H3K9me3 methylation on transposons. The weak reduction of
H3K9me3 could reflect the residual SUVR4 expression in the
RNAi line and possibly redundancy with other H3K9me3
methyltransferases at these sequences. Together, these data suggest
that although SUVR4 is localized in both eu- and heterochroma-
tin, it is active only on target sequences with a high level of
H3K9mel, where its activity increases H3K9me3 at the expense
of the H3K9mel level.

H3K4me3 reduces SUVR4 HKMTase activity

Recent studies suggest that in Arabidopsis H3K9me3 associates
with euchromatin and transcriptional activation of genes
[23,24,32]. In contrast, H3K9mel is a mark mainly associated
with repetitive sequences in chromocenters and pericentric
heterochromatin in Arabidopsis [21]. The specific activity of
SUVR#4 on transposon chromatin although associated with both
transposons and euchromatic genes (Figure 3, S3), made us
speculate that the lack of SUVR4 activity on euchromatic genes
was due to cross-talk to PT'Ms characteristic for euchromatin. We
thus tested histone tail peptides that were mono- or trimethylated
at H3K4 but devoid of H3K9me in an m vitro HKMTase assay
(Figure 4). SUVR4 activity was not affected by monomethyl
H3K4, whereas trimethyl H3K4 reduced SUVR4 activity
significantly (Figure 4 A, B), arguing that chromatin associated
with genes like TUB8 and ACTIN2, with a high level of this mark,
might not be good substrate for SUVR4 activity.

SUVR4 is a transcriptional repressor of transposable
elements

To evaluate the effect of SUVR4 mediated H3K9me3
methylation on transposon transcription we investigated the
expression of three of the ChIP-analyzed transposons, MULE
At2g15810, AtIS1124 (At4g04293) and AtCOPIA4, which all had a
high level of H3K9mel and were expressed in wild type plants
(Figure 3B, C, Figure S5 B and Table 1). In the OFE line, all the
studied transposons showed significant reduction in expression
compared to wild type (60%, 80% and 35%, respectively,
Figure 5A), suggesting that SUVR4 acts as a repressor of these
transposable elements. As a control, we used the At4gl3120
transposable element of intermediate expression with a very low
H3K9mel level which is not a target of SUVR4 methylation
(Figure 3, Figure 5A and Table 1). This transposon was also
unaffected in its transcription level in SUVR4-GFP overexpression
lines.

In the RNAI line we did not see a corresponding release of
repression for the AtCOPIA4 and AtIS1124 elements, however, the
MULE At2¢15810 element was induced 2.5 to 3- fold in the RNAi
line compared to wild type (Figure 5A). Interestingly, the gene
Cyp40 which is known to be regulated by MULE [33] showed the
same expression response to SUVR4 as MULE At2g15810,
although weaker (Figure 5A). The AtSNI repeat interspersed
within euchromatin, and the heterochromatin localized AiMU]
that are silent in wild type plants (T'able 1 and Figure S5 B), were
examined in both the RNAi and OE line but we did not detect any
signal above the —RT control reaction, arguing that these
transposons were not reactivated in any of the lines (data not
shown).

SUVR4 shows a locus-specific effect on DNA methylation

H3K9me2 directed by SUVH proteins regulates non-CG
methylation in Arabidopsis [34]. To determine if there was a
similar correlation between DNA methylation and the H3K9me3
methylation directed by SUVR4, bisulfite sequencing was

March 2011 | Volume 7 | Issue 3 | 1001325



A Low SUVR4 expression

SUVR4 Regulates H3K9me3 on Transposon Chromatin

High SUVR4 expression

DAPI GFP-SUVR4 Antibody Overlay DAPI

GFP-SUVR4 Antibody

Overlay

B

SUVR4-GFP W WTnoab [l SUVR4-GFP no ab

H3K9me3

ST T T T 17 11

YVIdOOW
0zZ1eLbrY

SUVR4-RNAi [ WTnoab [l SUVR4-RNAino ab

mwWT
04
5,0
g H3K9me1
2
2,5
al N v
2= 2 = = 2 = > d zZ 2z
& T 5 O o £ 2 o
ZHh 29 2c8 33 Z h =
> D = I~ > B
B~ = 8 &
g 2
] =
C mwWT
06
_ 50 r]L H3K9me1 8
3 2 04
£ £
R = O3
2,5
0.2
0,1
0 0
> > = > —~ >
7] N C 2] S 7))
Z Qr pun @ b
= (;ITI =z @ =
& S
o

Figure 3. SUVR4 directs H3K9me3 on transposon and repeat sequences. (A) Immunostaining of nuclei from SUVR4-GF

01851621y

ERlply
8an.l

ZNILOV

POE seedlings with

low expression (left panel) or high expression (right panel) of SUVR4-GFP with antibodies against H3K9me1 or H3K9me3. ChIP analysis of (B) SUVR4-
GFPF and (C) SUVR4 RNAI lines using antibodies against H3K9me1 (left) or H3K9me3 (right). DNA levels from the ChIP experiments (B, C) relative to
the input reactions were quantified using real time PCR and normalized to TUB8. The bars represent the average of two independent biological

replicates.
doi:10.1371/journal.pgen.1001325.g003

performed on two of the transposons that are targets of SUVR4
histone lysine methylation. We did not detect an effect of SUVR4
activity on DNA methylation of the MULE At2g15810 transposon
for CG, CHG or CHH in neither SUVR4 OE nor SUVR4 RNAi
lines (Figure 5B). This suggests that the repressive effect of
H3K9me3 added by SUVR4 is not mediated by DNA
methylation. In contrast, the AtSNT transposon showed an increase
in CHH methylation (Figure 5C) in the OE line. The CG and
CHG methylation levels were unaffected. There was, however, no
corresponding reduction of CHH methylation in the RNAi-line.

@ PLoS Genetics | www.plosgenetics.org

The ubiquitin protease UBP26 regulates the H3K9me2
and H3K9me3 level on transposons

The ubiquitin binding properties of the SUVR4 WIYLD
domain and the ubiquitin-enhanced H3K9me3 activity of SUVR4
wm vitro led us to look for links between ubiquitin and H3K9
trimethylation i vivo. Interestingly, deubiquitination of H2BUbI
by the nuclear UBP26/SUP32 ubiquitin protease, is required for
repression of transposons [11], which also are targets of SUVR4.
Therefore we investigated the H3K9me levels in the ubp26-1/
sup32 mutant (Figure S6). No effect was seen on highly expressed
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Table 1. Transposon expression in various mutant backgrounds.

SUVR4 Regulates H3K9me3 on Transposon Chromatin

Gene/transposon  Agi Code Type Localization mom1** kyp <9 dc/dd met 1% :12e73‘
AtSNT At3944000/5 Retrotransposon Euchromatin = X/UP nd X/UP yes
MULE At2g15810 DNA transposon Euchromatin up X/NoE - X/UP yes
AtIST12A At4904293 DNA transposon Euchromatin upP nd UP nd nd
ATCOPIA4 At4g16870 Retrotransposon nd nd X/Up nd X/UP nd
ATGP1 At4g03650 Retrotransposon Heterochromatin nd = nd X/UP nd
AtMu1 At4g08680 DNA transposon Heterochromatin - X/NoE nd X/UP nd
AT4G13120 AT4g13120 DNA transposon Euchromatin nd nd nd nd nd
ACTIN2 AT3g18780 Non-TE control Euchromatin nd - - - nd
TUB8 AT59g23860 Non-TE control Euchromatin nd - - - yes

a) Numa et al,, 2010 [52],
b) Habu et al.,2006 [33],

doi:10.1371/journal.pgen.1001325.t001

genes like TUB8 and ACTINZ (Figure 6), and consistent with
earlier findings [11], our ChIP analysis showed a reduction of
H3K9me2 on transposons and repeat sequences (Figure 6A).
Similarly, H3K9me3 was also reduced on transposons in the
mutant compared to the wild type (Figure 6B). Although mutation
in the UBP26/SUP32 gene has been reported to lead to a global
accumulation of H2Bubl [35], the H2Bubl level on transposons
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Figure 4. SUVR4 HKMTase activity is inhibited by H3K4me3. (A)
HKMTase assay showing SUVR4 activity on peptides covering the first 1-
21 aa of histone H3, that are unmodified, monomethylated or
trimethylated on K4. (B) Quantification of band intensity from
fluorogram in A, relative to the reaction with unmodified H3 1-21
peptide. The bars represent the average of three independent HKMTase
assays.

doi:10.1371/journal.pgen.1001325.g004
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c) Mathieu O, Probst AV, Paszkowski J (2005) Distinct regulation of histone H3 methylation at lysines 27 and 9 by CpG methylation in Arabidopsis. EMBO J 24: 2783-2791
d) Lippman Z, Gendrel AV, Black M, Vaughn MW, Dedhia N, et al. (2004) Role of transposable elements in heterochromatin and epigenetic control. Nature 430: 471-476.
NoE= No expression, UP = increased transcription, X = affected in histone or DNA methylation, - = not affected, nd =not determined.

was only weakly affected by the mutation (Figure 6C), and the level
of free ubiquitin monomers in the nuclei of ubp26-1/s5up32 was
similar to the level in the wild type (Figure 6D).

We next tested the effect of global reduction of H2Bubl on
H3K9me3 level on transposon chromatin using the hAub2-2
mutant. This mutant is defect in the HISTONE MONOUBI-
QUITINATION2 E3 ligase, which acts non-redundantly with
HUBI to monoubiquitinate histone H2B [13]. The Aub2-2 mutant
showed an almost complete lack of H2Bubl at the 7UB& gene,
while the effect was absent or negligible on the A¢{GP! transposon.
As reported for H3K9me?2 [13,36], the H3K9me3 level was not
affected either on 7UBS8 or on transposon chromatin (Figure S7).

Discussion

H3K9me3 has only recently been confirmed as a histone
modification present in Arabidopsis, and its significance in gene
regulation has only been indicative [23,24]. The presented work
identifies SUVR4 as the first histone H3K9me3 methyltransferase
in Arabidopsis and demonstrates how it cross-talks to ubiquitin
and chromatin modifications like H3K9mel and H3K4me3 to
repress transposon transcription.

The WIYLD domain is a ubiquitin-binding domain pivotal
for the HKMTase activity of the SUVR4 protein

Our experiments have identified the WIYLD domain of the
SUVR4 HKMTase as a new ubiquitin interacting domain,
demonstrating a direct link between ubiquitin binding and
H3K9 methylation. Ubiquitin is extensively distributed in the
cukaryotic proteome, and exists as free ubiquitin monomers,
ubiquitin extension proteins, polyubiquitin, or ubiquitin conju-
gates [14]. The interactions with free ubiquitin, the ubiquitin
moiety of the ubiquitin extension protein UBQ1 and the ubiquitin
conjugate H2Bub1 (Figure 1), indicate that the SUVR4 WIYLD
domain can target ubiquitin either in its free or conjugated form.

The interaction between the WIYLD domain of SUVR4 and
ubiquitin is further supported by the WIYLD-dependent positive
effect of ubiquitin on enzymatic activity (Figure 2). Free ubiquitin
stimulated the HKMTase activity of the full-length SUVR4
protein without compromising the substrate specificity because no
histones other than H3 were methylated (Figure 2C). However,
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the addition of free ubiquitin (Ub) converted the protein from a
strict . H3K9me2 to a H3K9me2/me3 methyltransferase
(Figure 2D, 2E), suggesting that ubiquitin either in its free form
or conjugated to other proteins like H2B can act as a signal for
H3K9 trimethylation. We only observed 3% conversion of
H3K9mel to H3K9me3 after a 3 hour reaction time in our
vitro HKMTase assay while most of the H3K9mel was converted
to H3K9me2 (Figure 2E). In contrast, a massive shift from
H3K9mel to H3K9me3 was seen i viwo when over-expressing
SUVR4 (Figure 3A, 3B). Together this implies the need for
another component in addition to ubiquitin for SUVR4 to
efficiently convert H3K9mel to H3K9me3 i vitro, as shown for
the murine ESET HKMTase [37]. In recombinant form i vitro

@ PLoS Genetics | www.plosgenetics.org
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ESET only catalyzes mono- and dimethylation of H3K9, but in
complex with the transcriptional repressor mAM the enzyme
generates H3K9me3.

Interestingly, the truncated SUVR4 SACSET protein showed a
lower HKMTase activity compared to the full-length SUVR4
protein on core histones (Figure 2A), arguing that the N-terminal
WIYLD domain is essential for normal activity of the C-terminal
SET domain. Furthermore, the activity of the SUVR4 SACSET
was only weakly enhanced by ubiquitin (Figure 2A, 2B),
demonstrating that ubiquitin in its free form stimulates SUVR4
activity mainly through the WIYLD domain. Several enzymes that
are involved in Ub pathways have shown to be regulated by
ubiquitin. Recently, the activity of the mammalian deubiquitina-
tion enzyme ataxin-3 was shown to be enhanced by ubiquitination
[38], and binding of free ubiquitin to the N-terminal ZnF-UBP
domain of the deubiquitinase USP5 led to a conformational
change that stimulated enzyme activity [31].

SUVR4 converts H3K9me1 to H3K9me2/me3 at
transposons

In Arabidopsis H3K9me3 methylation broadly marks 40% of
all genes within euchromatin [39]. In addition a low but detectable
level of H3K9me3 methylation is found in regions with silenced
transposons and pseudogenes [24] (Figure 3 and Figure 6). Our
ChIP results suggest that although associated with both eu- and
heterochromatin, SUVR4 has no HKMTase activity on euchro-
matic genes, but specifically targets transposons and repeat
sequences where it converts H3K9mel to H3K9me3 (Figure 3B,
3C). This is perfectly in line with our @ vitro HKMTase results,
which show that SUVR4 preferably uses H3K9mel as substrate
(Figure 2D). Together the in vivo and in vitro data indicate that
SUVR4 only methylates transposons with a high H3K9mel level
although the protein might also associate with regions with a low
level of this modification (Figure S3).

SUVR4 methylates unmethylated H3 poorly, and the level of
H3K9mel decreases in the OE line (Figure S1A and Figure 3B).
This suggests that SUVR4 does not itself monomethylate H3K9 in
vivo. Both SUVH4 and SUVH6 are efficient monomethyl
transferases m vitro [40], which together with SUVH5 control
the deposition of the majority of H3K9mel at transposons and
repeat sequences [41]. As SUVR4 targets the same type of
sequences, it is likely that SUVR4 uses the monomethylated
histone substrates created by the SUVH proteins to trimethylate
H3K9. In mammalian cells, the SUV39H1 HKMTase depends
on a monomethylase as it preferably converts H3K9mel of H3.1,
but not H3K9me2 of H3.3, to H3K9me3. [42]. Similarly, SUVR4
is stimulated by H3K9mel, but is only active on H3K9me?2 if
ubiquitin is added to the i vitro reaction.

The SUVH2 HKMTase has a strong impact on centromeric
and pericentromeric heterochromatinization and gene silencing
and reduces the level of H3K9me3 when overexpressed [32]. In
contrast, overexpression of SUVR4 leads to increased H3K9me3
levels, and no changes in heterochromatinization could be
observed (Figure 3A). Pericentromeric regions contain high levels
of H3K9mel and H3K9me2 in plants, but also H3S10
phoshporylation during mitosis and meiosis II [22]. The cell cycle
dependent H3S10ph modification generated by Aurora kinase 1
inhibits SUVR4 activity @ wvitro [43]. This and the uninterrupted
regions of high levels of H3K9me2 associated with the many
transposons and pseudogenes located in pericentromeric and
centromeric heterochromatin [44], may contribute to repress
SUVR4 activity in these regions in dividing cells. Alternatively,
SUVR4 might be able to methylate histones in pericentric
heterochromatin before H3S10ph is added as Aurora kinase 1 is
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Figure 6. UBP26 directs H3K9me2 and H3K9me3 on transpo-
son sequences. ChIP analysis of ubp26-1 lines using antibodies against
(A) H3K9me2, (B) H3K9me3 or (C) H2Bub1. DNA levels from the ChIP
experiments relative to the input reactions were quantified using real
time PCR and normalized to TUBS. The bars represent the average of
two independent biological replicates. (D) Western blot of nuclear
proteins isolated from ubp26-1 and wild type, probed with antibodies
against ubiquitin (ub), H2Bub1 or PBA1 (loading control).
doi:10.1371/journal.pgen.1001325.9g006

active on methylated histones. Although pericentric heterochro-
matin most likely is not the preferred target of SUVR4 activity
because of the high level of uninterrupted H3K9me2 [44],
SUVR#4 could potentially methylate transposons in these regions
under certain conditions when ubiquitin levels are high, as
demonstrated by the ability of SUVR4 to methylate H3K9me?2
peptides when ubiquitin is added (Figure 2D, 2E, Figure S1B, and
Figure 7B).

Mutation in the SUP32/UBP26 deubiquitinating enzyme that
removes the ubiquitin conjugate from H2Bub1 has been reported
to lead to reduction in H3K9me?2 [11]. Using ChIP analysis we
found low levels of H2Bubl at all tested transposons, which were
only weakly altered in the ubp26 mutant line (Figure 6C). A
reduction of both H3K9me2 and H3K9me3 was, however,
observed on the same sequences targeted by SUVR4 (Figure 3B,
3C and Figure 6A, 6B). We therefore suggest that SUVR4 and
UBP26 act in the same pathway leading to repression of
transposon activity, and speculate that the reduction of
H3K9me3 in ubp26-1 mutant background can be due to reduced
SUVR#4 activity. Thus UBP26 can repress transposon transcrip-
tion by lowering the H2Bubl level at these sequences to maintain
repressive H3 methylation as suggested by Sridhar et al. [11],
and/or by maintaining a high local level of free ubiquitin which
stimulates SUVR4-mediated H3K9me3 (Figure 7). Possibly
UBP26/SUP32 can also cleave the ubiquitin extension protein
UBQ! initially found in our yeast two-hybrid screen to obtain free
ubiquitin, as it has been shown to also be active on the human
homologue CEP52 [11] which has 92% sequence identity with
UBQI. We did not however observe any reduction of free
ubiquitin in the nuclear extracts of ubp26-1 mutants (Figure 6D)
that might have affected SUVR4 activity, and there was no effect
on H3K9me3 or H2Bubl at transposon sequences in the hub2-2
line (Figure S7). Thus, HUB2 seems not to be involved in
regulation of H2Bub1 or H3K9me2/3 or to be the counterpart of
UBP26 on transposon chromatin. The minor reduction of
H2Bubl at transposons and the ability of UBP26/SUP32 to
deubiquitinate the CEP52 in vitro, opens the possibility that UBP26
regulates SUVR4-dependent H3K9me2/3 by additional mecha-
nisms, for instance transient changes in the levels or subnuclear
distribution of free ubiquitin.

Highly transcribed euchromatic genes like ACTINZ and TUBS
were unaffected by SUVR4, and the i witro assay implies that
SUVR#4 activity is inhibited by H3K4me3 which is abundant in
euchromatin (Figure 4). Furthermore, the i vivo data shows that
the targets for SUVR4 activity have low levels of H3K4me3,
H3K9me3 and H2Bubl (Figure 3, Figure 6, and Figure S4).
Intercalary heterochromatic sequences located within euchroma-
tin are associated with intermediate amounts of opposing histone
marks like H3K4me2 and H3K9me?2 [33,44], but have compa-
rable levels of H3K9mel as heterochromatin (Figure 3B, 3C). As
depicted in the model in Figure 7, this suggests that SUVR4 cross-
talks to other PI'Ms and preferably targets transposons outside
pericentric and centromeric heterochromatin, with low H3S10ph,
H3K9me2, H3K4me3 and H2Bub1 and high H3K9mel in order
to trimethylate H3K9.
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SUVR4-mediated conversion of H3K9me1 to H3K9me3 Genes in euchromatin have a much higher level of H3K9me3
represses transposon transcription in a locus specific than transposons, and in these regions this modification seems to
manner correlate with activation of transcription and the deposition of

. . . . other activating marks [23,24]. This argues for a combinatorial
For transposon sequences with a low or intermediate expression © o, .
. . . . readout where the context of other PTMs with which H3K9me3
level in wild type plants, increase in H3K9me3 levels mediated by

SUVR4 is associated with repression of transcription (Figure 3 appears decides the biological outcome (Figure 7). In contrast to
Fi 5 4 Fi NI p he RNAi Ii pl b gAlj[ ULE’ genes, transposon and repeat sequences contain a high level of

igure 5, and Figure 7). In the 1 lne only the MU H3K9mel and low levels of H3K4me3 and H2Bubl (Figure 3B,
At?gl 581.0 transposon, locz'lhzed in euchrorflatm f)utmde the typical 3C, and Figure $4) and in this context H3K9me3 may lead to
pericentric heterochromatin or centromeric regions [33], showed

. . . o repression of transcription.
relief of repression (Figure 5A), suggesting it to be a normal target

- H3K9mel on transposon chromatin seems to be a prerequisite
of SUVR% activity. However, AtS1124, another transposon and the preferred substrate for SUVR4 activity, as the control

intercalated in euchromatin with an intermediate expression level, transposon  Atdg13120, with very low H3K9mel

was only affected i the OE line. The heterochromaFin lOFaliZFd methylated or affected at the transcriptional level (Figure 5A).
AtMUTI and the euchromatin localized A4SN1, both silent in wild Several studies have reported the accumulation of H3K9mel in

type plants, were also targets for SUVR4 methylation but showed heterochromatin (reviewed in [22]) but little is known about the

was not

no reactivation in the RNAi line. This suggests that SUVR4- function of this mark. Our data supports a model where
directed H3K9me3 regulates transposon activity in a locus specific H3K9mel is associated with both pericentric and centromeric
manner, where SUVR# activity alone is sufficient for repression of heterochromatin and transposons intercalated in euchromatin, but

MULE A12g15810, while it works redundantly with an unknown does not act as a repressive signal, but rather a template for other
HKMTase at other elements like At1S71124, AtMUI and AtSN1. A methyltransferases. This is supported by the observation that
similar regulation can be seen for the SUVH2 and SUVH9 SET increased H3K9mel level correlated with increased transcription

domain proteins that act redundantly at some loci but indepen- in the SUVR4 RNAI line and inversely correlated with increased
dently at others [45]. Thus different transposons are regulated by H3K9me3 and repression of transcription in the SUVR4-GFPOF
different combinations of epigenetic marks (Table 1). line (Figure 3A-3C and Figure 5A).
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H3K9me3 by SUVR4 may promote methylation-
dependent and -independent repression of transposons

The level of DNA methylation of the MULE At2g15810 transposon
did not correlate with SUVR4 expression. At the AtSN7 transposon,
however, increased H3K9me3 mediated by SUVR4 overexpression
coincided with an increase of CHH while no effect was seen for CG
methylation (Figure 5B, 5C). Pericentric H3K9me2 shows a strong
correlation with CHG methylation but a weaker correlation with CG
and CHH methylation [44], while transposons located outside
pericentric or centromeric heterochromatin have shorter patches of
H3K9me2 at lower levels. Together with the repressive effect of
H3K9me2 on SUVR4 activity this argues that the main DNA
methylation regulated by SUVR4 is CHH.

The DRM2 methylase is the main regulator of asymmetric CHH
methylation, while CHROMOMETHYLASE3 (CMT3) is the main
regulator of CHG methylation in Arabidopsis, but at some loci they
work together [46,47]. At dispersed repeats within euchromatin like
AtSN1, DRM1, DRM2 and CMT3 act redundantly to maintain
CHH and CHG methylation [48]. At such loci we suggest that the
H3K9me3 methylation by SUVR4 might mark the underlying
transposon sequence for CHH methylation by DRM2/CMT3
(Figure 7B). Interestingly, many transposon sequences contain both
H3K27me3 and H3K9me3, a combination that CMT3 has been
shown to bind i witro (Table 1, [24,30,49,50]). The redundant
regulation of AtSN7 by CMT3 and DRM1 might thus explain the
lack of reactivation and DNA methylation upon reduction of
SUVR4 H3K9me3 methylation in the SUVR4 RNAI line.

Although a target of SUVR4-directed H3K9me3 and repres-
sion, the MULE transposon was not affected at the DNA
methylation level (Figure 5B). In contrast to AtSNVI, this transposon
has been shown earlier to be activated only in mom/ mutants, and
not in mutants with reduced non-CG methylation and kyp/suvh4
mutants (Table 1). MOMI is a transcriptional repressor that
regulates transcriptional gene silencing of loci outside centromeric
and pericentromeric heterochromatin, with only small effects on
epigenetic marks [33,51,52]. This suggests that non-CG methyl-
ation is not involved in silencing of MULE. The similar relief of
silencing without any effect on DNA methylation between SUVR4
RNAi and moml makes it tempting to speculate that SUVR4
recruits MOMI to its targets in order to repress transcription at
this locus (Figure 7B). The intermediately expressed AtIS71124 is
repressed in SUVR4 OE lines but did not show any relief of
expression in the RNAi line. As for A&SNI, this transposon is
regulated by non-CG methylation, but also by MOMI. This
argues that SUVR4 mediated repression might act via DNA
methylation-independent  mechanisms such as for MULE
At2g15810, but also by DNA methylation-dependent mechanisms
as seen for AtSNI, or possibly both as seen for AtIS71124.

DUBs are important to maintain ubiquitin homeostasis by
recycling ubiquitin from free ubiquitin chains, ubiquitin conju-
gates and ubiquitin fusion proteins [14,15]. UBP26 regulates
H3K9me2 and H3K9me3 methylation as well as non-CG
methylation at the same sequences as SUVR4 [11]. We
hypothesize that UBP26 acts in concert with SUVR4 to
trimethylate transposons with a high level of H3K9mel and low
level of H3K4me3 and H2Bubl (Figure 7). The H3K9me3
methylation thus directs locus-specific methylation-dependent or -
independent repression of transposon activity.

Methods

Plant material
Arabidopsis plants, ecotype Columbia (Col), were grown under
long day greenhouse conditions at 18°C. Transgenic Arabidopsis
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plants were generated by the floral dip method [53] using the
Agrobacterium tumefaciens strain C58 pCV2260. Transgenic plants
containing the pEG104 [54] or pART27 [55] vectors were
selected on MS-2 medium (1x Murashige and Skoog salts, 0.05%
2-N-morpholino/ethanesulfonic acid, 2% sucrose, 0.8% agar)
containing 10 pg/ml basta or 50 pg/ml kanamycin, respectively.
For ChIP, RT-PCR and cytology experiments, Col wild type
plants and non-segregating lines containing the respective T-DNA
constructs were grown on MS-2 without antibiotic selection. The
ubp26-mutant [11] and the hub2-2 [13] mutant lines have been
described earlier.

RNA extraction, cDNA synthesis, and real-time PCR

RNA was isolated from approx. 100 mg of 14 day old seedlings
using the Spectrum Plant Total RNA Kit with on-column DNase
treatment (Sigma). cDNA synthesis and Real time RT-PCR
experiments were performed as described previously [20] using
gene specific primers (Table S1), except that 4 ug of total RNA
was used to synthesize first strand cDNA with Superscript III
Reverse Transcriptase and random primers (Invitrogen).

DNA constructs

SUVR4-Full  (At3g04380), SUVR4-SACSET, SUVR4-
WIYLD, UBQI, ubiquitin moiety of UBQ] and L40 moiety of
UBQI! were PCR amplified from ¢cDNA using gene specific aitB
gateway primers (Table S1) and Pfu DNA polymerase (Fermentas).
The attB PCR products were recombined into the pDONR/Zeo
vector using the Gateway BP Clonase II Enzyme Mix (Invitrogen)
according to the manufacturer’s instructions. The resulting
pDONR/Zeo entry clones were recombined into destination
vectors using the Gateway LR Clonase Enzyme Mix (Invitrogen).
All constructs were verified by sequencing. The knock-down
SUVR4 RNAI construct was made by cloning a unique fragment
from the SUVR4 5’end as an inverted repeat on each side of an
intron into the binary vector pART27. Cloning procedures are
described in detail (Text S1).

Yeast two-hybrid screening

Two-hybrid interactions were screened by mating the yeast
strain Y187 carrying the pGBKT7-SUVR4-WIYLD bait con-
struct with the strain AH109 carrying a ¢cDNA library (Match-
maker library construction and screening kit, Clontech) at 30°C
ON. The cDNA library was created from Columbia wt 14 day old
seedlings and recombined into the pGADT7-Rec vector to create
an AD-fusion library. Selective media for the nutritional reporter
genes ADE2, HIS3 and MEL1 (QDO) containing 20 mg 1-1 X-
alpha-Gal, was used to identify positive two-hybrid interactions
according to the suppliers suggestions. To confirm interaction with
SUVR4-WIYLD, the pGADT7-UBQ]1, pGADT7-ubiquitin and
pGADT7-L40 were mated separately with the pGBKT7-SUVR4-
WIYLD or the empty pGBKT7 vector (BD control). Diploid
colonies were selected on SD —L./-T, and then streaked out on
SD -L/-T/-H +3 AT medium selective for protein-protein

interactions.

Expression of recombinant proteins for enzyme assays
pHMGWA-SUVR4-Full and pHMGWA-SUVR4-SACSET
constructs were transformed into E. coli BL21-Star DE3 and
grown at 150 rpm, 37°C in LB-medium with 1% Glucose and
100 pg/ml ampicillin. At an ODggp 0.6-0.8, the cells were
induced with 1 mM IPTG overnight at 20°C. The cells were lysed
with Express and then resuspended in pre-cooled lysis Buffer:
20 mM Tris-HCI, pH 7.5, 400 mM NaCl, 100 mM KCI, 1 mM
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EDTA, 1 mM DTT, 0.05% Triton X-100 and Protease inhibitor.
After centrifugation (15,000 rpm), the supernatant containing
recombinant protein was filtered through 0.45 um filters and
prepared for affinity chromatography.

Purification of recombinant proteins

Recombinant proteins SUVR4-Full and SUVR4-SACSET
were purified by Ni-NTA affinity chromatography using HisTrap
FF 5 ml (GE Healthcare) column in the AKTA purifier. Binding
buffer or Buffer A and Elution Buffer or Buffer B in the
purification step were as follows, Buffer A: 20mM Tris—HCI,
pH 7.5, 500mM NaCl, 1 mM EDTA, 1 mM DTT, 20 mM
Imidazole and Buffer B: 20 mM Tris-HCI, pH 7.5, 500 mM
NaCl, ] mM EDTA, 1 mM DTT, 500 mM Imidazole.

HKMTase assays

HKMTase assays were essentially performed as described in
[28]. Twenty ug of MBP-SUVR4 protein was incubated in
reaction buffer (50 mM Tris pH 8.5, 20 mM KCIl, 20 mM
MgCly, 10 mM B-mercaptoethanol and 250 mM sucrose) with
7.5 ul uCi 14C S-adenosyl methionine (SAM) (Amersham/Perkin
Elmer) or 100 uM unlabelled SAM (New England Biolabs) as
methyl donor. Twenty pg of core histones from calf thymus
(Roche), or 5 pg histone H3 peptides were used as substrate.
Reactions were incubated at 30°C for 3 hours, and each
experiment was repeated at least 4 times. Core histones from calf
thymus (Roche), unmodified histone H3 peptide (#12-403,
Millipore), monomethyl-histone H3 (Lys9) peptide (#12-569,
Millipore), dimethyl-Histone H3 (Lys9) Peptide (#12-430, Milli-
pore), Trimethyl-Histone H3 (Lys9) Peptide (#12-568, Millipore),
Trimethyl-Histone H3 (Lys4) Peptide (#12-564, Millipore),
monomethyl histone H3 (Lys 4) peptide (gift from Thomas
Jenuwein) and ubiquitin (U6253, Sigma) were used in the assays.

GST pull-down

Recombinant proteins were expressed in BL21 cells, lysed in 1
X PBS with 0.1 mg/ml lysozyme, 0.2-1% Triton X-100 and
protease inhibitor cocktail (Roche), and immobilized on glutathi-
one sepharose beads (Amersham). 3 pg of GST-S4WIYLD was
incubated with MBP protein lysates at 4°C for 2.5 hours or 10 pg
of GST-SUVR4-WIYLD with 20 ug of precleared core histones
(Roche) at 4°C for 3 hours, following a series of washes. Pull-down
reactions were run on SDS-PAGE gels, blotted onto a PVDF
membrane (Machery Nagel) and probed with either anti-MBP
(1:10000, New England Biolabs, #E8030S) or anti-H2Bubl
(1:1000, MediMabs, MM-0029). Detection of primary antibody
was performed with peroxidase-conjugated secondary antibody;
goat anti-rabbit HRP for pulldown of MBP-proteins (1:10000,
Thermo Scientific, PA1-74361) and anti-mouse HRP for pull-
down of core histones (1:10000, Abcam, ab6728) using the ECL
kit (GE HealthCare, RPN2135).

MS analysis of peptides from HKMTase reaction mixtures

Reverse phase (C18) nano online liquid chromatographic MS/
MS analyses of proteolytic peptides from HKMTase reactions
using unlabelled SAM were performed using a HPLC system as
described [56].

Nuclear magnetic resonance spectroscopy

Uniformly "°N- or "N,"®C-labeled SUVR4-WIYLD (residues
1-89) was expressed as a GST-fusion (pGEX4T3) in minimal
media containing "’NH,CI and "*C-glucose as the sole nitrogen
and carbon sources, respectively, after induction at 18°C for
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18 hours. Protein was purified by glutathione sepharose affinity
and size-exclusion chromatography and thrombin digestion to
remove the affinity tag. NMR samples contained 0.5 mM protein
in PBS at pH 7.4, 5 mM d;o-DTT and 10% DyO. All spectra
were acquired at 25°C on a 500MHz or 600MHz Bruker
spectrometer.

Chromatin immunoprecipitation

For each experiment 2-3 g of fifteen day old seedlings was
crosslinked in 1% formaldehyde under vacuum until the tissue was
translucent. Chromatin immunoprecipitation was done as de-
scribed in [57]. The antibodies used for immunoprecipitation were
anti-H2Bub1 (#MM-0029, Medimabs), anti-H3K9mel (#07-
450, Millipore), anti-H3K9me2 (#07-212, Millipore) anti-
H3K9me3 (#07-442, Millipore), anti-H3K4me3 (#07-473, Milli-
pore) and anti-GFP (#ab290-50, Abcam). Immunoprecipitated
chromatin was eluted in a total of 250 ul elution buffer (1% SDS,
0.1 M NaHCO3) and after reversion of crosslinking, DNA was
extracted using the Qiaquick PCR purification kit (Qiagen) and
eluted in 100 pl elution buffer. 5 pl of a 4 X dilution was used as a
template for real-time PCR in a Lightcycler (Roche). Typically a
program of: 1 cycle 95°C 10 min, 45 cycles of 95°C 20 s, 52° 30 s
and 72°C 30 s was used to amplify target sequences with gene
specific primers (Table S1). PCR was performed on ChIP DNA
isolated from two independent experiments, each quantified two
separate times.

Western blotting

Nuclear protein extracts were isolated from a chromatin
preparation as described [57]. The protein lysate obtained after
sonication was separated on a 10-20% SDS-PAGE (Invitrogen,
catalog no. EC6625BOX) and transferred to a PVDF membrane
(Machery Nagel). Nuclear protein levels were determined using
the following antibodies; anti-ubiquitin (1:4000, Millipore, 07-
375), anti-H2Bubl (1:1000, MediMabs, MM-0029) and anti-
PBA1 (1:1000, abcam, ab98999).

Immunostaining of nuclei

Leaves from 14 day old seedlings were chopped in 4%
formaldehyde on slides, covered with coverslips and flash frozen
in liquid N2. The coverslips were removed from the slides when
the material was still frozen, and then the slides were washed three
times 5 minutes in 1 X PBS. The material was then blocked for
30 min at 37°C in blocking solution (1% BSA in PBS), and
incubated with primary antibody (anti H3K9mel, 1:200;
antiH3K9me3, 1:100) diluted in blocking solution for one hour
at 37°C. After a series of washes in PBS, the slides were incubated
with goat-anti rabbit Alexa 555 (Invitrogen) secondary antibody
(1:200). Before microscopy the slides were washed in PBS and
counterstained in DAPI and inspected with a Zeiss Axiovision2
microscope equipped with epifluorescence attachment. All images
were captured using the same exposure times and at 100X
magnification.

Bisulfite sequencing

2 ug of genomic DNA, prepared from leaf material using the
Invisorb Spin Plant Kit (INVITEK Berlin), was restricted with
Apal and Pstl and used in the bisulfite reaction with the EpiTect
Bisulfite Kit (Quiagene Hilden). Bisulfite treated DNA was used as
template in a PCR with specific primers. The PCR-Fragments are
ligated into pGEMT-vector (Promega) and transformed in
DHb5alpha cells. Plasmid DNA from several colonies
sequenced with the ABI Prism 310.

was
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Supporting Information

Figure S1 HKMTase activity of SUVR4. (A) HKMTase assay
with MBP-SUVR4 full-length using unmethylated histone H3 1-
21 or histone H3 K9mel peptides as substrate. (B) Second
independent replica of the HKMTase assay in Fig. 2 D. MBP-
SUVR#4 full-length activity on histone H3 1-21 K9me2 peptides
without and with the addition of 5 pg of free ubiquitin. (C)
HKMTase assay with MBP-SUVR4 full length, MBP-SUVR4-
SACSET, MBP-SUVR4-WIYLD and no protein on core histones
without and with the addition of 5 pg of free ubiquitin.

Found at: do1:10.1371/journal.pgen.1001325.5s001 (2.43 MB TIF)

Figure 82 SUVR4 subcellular localization. Fluorescence mi-
croscopy of interphase nuclei from seedlings expressing SUVR4-
GFP fusion proteins, demonstrating varying subcellular localiza-
tion. (A) Nucleus showing uniform SUVR4 localization to the
nucleoplasm and nucleolus (no), with high accumulation in an
unknown focus (uf). (B) Uniform SUVR4-GFP distribution in the
nucleoplasm, with strong localization in nucleolar associated foci
and weaker localization to the nucleolus. (C) Strong SUVR4
localization to the nucleolus and weaker association to the
nucleoplasm. (D) SUVR4 localization to the nucleoplasm, with
stronger accumulation in the nucleolus and an unknown focus.

Found at: doi:10.1371/journal.pgen.1001325.s002 (0.99 MB TIF)

Figure S3 SUVR4-GFP associates with eu- and heterochromatin.
ChIP analysis of SUVR4-GFP lines using an antibody against GFP.
DNA levels from the ChIP experiments relative to the input reactions
were quantified using real time PCR and normalized to TUBS. The
bars represent the average of two independent biological replicates.

Found at: doi:10.1371/journal.pgen.1001325.5s003 (0.34 MB TIF)

Figure S4 H2Bubl levels on transposons. (A) ChIP analysis of
SUVR4-GFP®* lines using antibodies against H2Bubl1. (B) ChIP
analysis of SUVR4 RNAI lines using antibodies against H3K4me3.
DNA levels from the ChIP experiments relative to the input reactions
were quantified using real time PCR and normalized to TUBS. The
bars represent the average of two independent biological replicates.

Found at: do1:10.1371/journal.pgen.1001325.s004 (0.86 MB TIF)

Figure 85 Expression levels of SUVR4 and transpsons. (A) Real
time RT-PCR quantification of transcripts reversely transcribed
from mRNA isolated from 14 day old SUVR4-RNAi seedlings,
using SUVR4 primers. The data were normalized to ACTIN? and
the mutant expression is relative to wild type. Error bars represent
standard deviation according to three biological replicates (n = 3).
(B) Real time quantification of transposon expression in wild type.

References

1. Kouzarides T (2007) Chromatin modifications and their function. Cell 128:
693-705.

2. Latham JA, Dent SY (2007) Cross-regulation of histone modifications. Nat
Struct Mol Biol 14: 1017-1024.

3. Taverna SD, Li H, Ruthenburg AJ, Allis CD, Patel DJ (2007) How chromatin-
binding modules interpret histone modifications: lessons from professional
pocket pickers. Nat Struct Mol Biol 14: 1025-1040.

4. Yap KL, Zhou MM (2006) Structure and function of protein modules in
chromatin biology. Results Probl Cell Differ 41: 1-23.

5. de la Paz Sanchez M, Gutierrez C (2009) Arabidopsis ORC1 is a PHD-
containing H3K4me3 effector that regulates transcription. Proc Natl Acad
Sci U S A 106: 2065-2070.

6. Dikic I, Wakatsuki S, Walters KJ (2009) Ubiquitin-binding domains - from
structures to functions. Nat Rev Mol Cell Biol 10: 659-671.

7. Hicke L, Schubert HL, Hill CP (2005) Ubiquitin-binding domains. Nat Rev Mol
Cell Biol 6: 610-621.

8. Haglund K, Dikic I (2005) Ubiquitylation and cell signaling. EMBO J 24:

9. Shukla A, Chaurasia P, Bhaumik SR (2009) Histone methylation and

ubiquitination with their cross-talk and roles in gene expression and stability.
Cell Mol Life Sci 66: 1419-1433.

@ PLoS Genetics | www.plosgenetics.org

13

SUVR4 Regulates H3K9me3 on Transposon Chromatin

The expression of each transposon is relative to ACTIN2 which is
set to 1. Reactions without the addition of reverse transcriptase (-
RT) is used as a negative control.

Found at: doi:10.1371/journal.pgen.1001325.s005 (0.17 MB TTF)

Figure S6 Genotyping of the ubp26-mutant. PCR on wild type
and ubp26 mutant plants using the primer combinations Pl
(ubp26-1 F) primer with P2 (ubp26-1 R), or P1 (ubp26-1 F) with LB,
on two biological replicas bl and b2 (upper panel). Layout of the
the ubp26 gene indicating the position of the T-DNA insertion and
the primer annealing sites (lower panel).

Found at: doi:10.1371/journal.pgen.1001325.s006 (1.20 MB TIF)

Figure 87 ChIP analysis of /ub2-2 plants. ChIP analysis of hub2-
2 and wild type plants using antibodies against H3K9me3 (A) or
H2Bubl (B). DNA levels from the ChIP experiments relative to
the input reactions were quantified using real time PCR and
normalized to TUBS. The data for H2Bub]1 is not normalized to
TUBS because the chromatin at this gene is affected by the hub2-2
mutation. The bars represent the average of two independent
biological replicates.

Found at: doi:10.1371/journal.pgen.1001325.s007 (0.64 MB TIF)

Table S1 Oligos used in this study.
Found at: doi:10.1371/journal.pgen.1001325.s008 (0.03 MB
XLS)

Text S1 Cloning of DNA constructs.
Found at: doi:10.1371/journal.pgen.1001325.5009 (0.04 MB
DOC)

Acknowledgments

We appreciate the technical assistance performed by Roy Falleth and
Solveig H. Engebretsen. The work was facilitated by the services provided
by the Norwegian Arabidopsis Research Centre (NARC, http://www.
narc.no/), a part of the Research Council of Norway’s National Program
for Research in Functional Genomics (FUGE). We thank Thomas
Jenuwein for the H3 1-21 K4mel and H3 1-21 unmodified peptides,
Rick Amasino for the ubp26-1 seeds, Wim Soppe for the hub2-2 seeds, and
Sylvia S. Johnsen for the cloning of the SUVR4 RNAI construct.

Author Contributions

Conceived and designed the experiments: KLY AF WE]J TT. Performed
the experiments: SVV MAR KLY AF WE]J TT. Analyzed the data: SVV
MAR KLY AF WE]J TT. Contributed reagents/materials/analysis tools:
GR MMZ RBA. Wrote the paper: T'T. Contributed to paper writing: SVV
KLY GR MMZ RBA.

Weake VM, Workman JL (2008) Histone ubiquitination: triggering gene

activity. Mol Cell 29: 653-663.

. Sridhar VV, Kapoor A, Zhang K, Zhu J, Zhou T, et al. (2007) Control of DNA
methylation and heterochromatic silencing by histone H2B deubiquitination.
Nature 447: 735-738.

. Gu X, Jiang D, Wang Y, Bachmair A, He Y (2009) Repression of the floral
transition via histone H2B monoubiquitination. Plant J 57: 522-533.

. Cao Y, Dai Y, Cui S, Ma L (2008) Histone H2B monoubiquitination in the

chromatin of FLOWERING LOCUS C regulates flowering time in Arabidopsis.

Plant Cell 20: 2586-2602.

Komander D, Clague MJ, Urbe S (2009) Breaking the chains: structure and

function of the deubiquitinases. Nat Rev Mol Cell Biol 10: 550-563.

15. KimuraY, Yashiroda H, Kudo T, Koitabashi S, Murata S, et al. (2009) An inhibitor

of a deubiquitinating enzyme regulates ubiquitin homeostasis. Cell 137: 549-559.

Lachner M, Jenuwein T (2002) The many faces of histone lysine methylation.

Curr Opin Cell Biol 14: 286-298.

. Berger SL (2007) The complex language of chromatin regulation during

transcription. Nature 447: 407-412.

Fischer A, Hofmann I, Naumann K, Reuter G (2006) Heterochromatin proteins

and the control of heterochromatic gene silencing in Arabidopsis. ] Plant Physiol

163: 358-368.

March 2011 | Volume 7 | Issue 3 | 1001325



20.

22.

23.

24.

26.

27.

28.

29.

30.

31.

34.

36.

37.

. Xu L, Zhao Z, Dong A, Soubigou-Taconnat L, Renou JP, et al. (2008) Di- and

tri- but not monomethylation on histone H3 lysine 36 marks active transcription
of genes involved in flowering time regulation and other processes in Arabidopsis
thaliana. Mol Cell Biol 28: 1348-1360.

Grini PE, Thorstensen T, Alm V, Vizcay-Barrena G, Windju SS, et al. (2009)
The ASHI HOMOLOG 2 (ASHH2) histone H3 methyltransferase is required
for ovule and anther development in Arabidopsis. PLoS ONE 4: ¢7817.
doi:10.1371/journal.pone.0007817.

. Fransz P, ten Hoopen R, Tessadori I (2006) Composition and formation of

heterochromatin in Arabidopsis thaliana. Chromosome Res 14: 71-82.

Fuchs J, Demidov D, Houben A, Schubert I (2006) Chromosomal histone
modification patterns—from conservation to diversity. Trends Plant Sci 11:
199-208.

Caro E, Castellano MM, Gutierrez C (2007) A chromatin link that couples cell
division to root epidermis patterning in Arabidopsis. Nature 447: 213-217.
Charron JB, He H, Elling AA, Deng XW (2009) Dynamic landscapes of four
histone modifications during deetiolation in Arabidopsis. Plant Cell 21:
3732-3748.

. Baumbusch LO, Thorstensen T, Krauss V, Fischer A, Naumann K, et al. (2001)

The Arabidopsis thaliana genome contains at least 29 active genes encoding
SET domain proteins that can be assigned to four evolutionarily conserved
classes. Nucleic Acids Research 29: 4319-4333.

Johnson LM, Bostick M, Zhang X, Kraft E, Henderson I, et al. (2007) The SRA
methyl-cytosine-binding domain links DNA and histone methylation. Curr Biol
17: 379-384.

Liu C, Lu F, Cui X, Cao X (2010) Histone methylation in higher plants. Annu
Rev Plant Biol 61: 395-420.

Thorstensen T, Fischer A, Sandvik SV, Johnsen SS, Grini PE, et al. (2006) The
Arabidopsis SUVR4 protein is a nucleolar histone methyltransferase with
preference for monomethylated H3K9. Nucleic Acids Res 34: 5461-5470.
Catic A, Ploegh HL (2005) Ubiquitin—conserved protein or selfish gene? Trends
Biochem Sci 30: 600-604.

Zhang X, Clarenz O, Cokus S, Bernatavichute YV, Pellegrini M, et al. (2007)
Whole-genome analysis of histone H3 lysine 27 trimethylation in Arabidopsis.
PLoS Biol 5: €129. doi:10.1371/journal.pbio.0050129.

Reyes-Turcu FE, Horton JR, Mullally JE, Heroux A, Cheng X, et al. (2006) The
ubiquitin binding domain ZnF UBP recognizes the C-terminal diglycine motif of
unanchored ubiquitin. Cell 124: 1197-1208.

. Naumann K, Fischer A, Hofmann I, Krauss V, Phalke S, et al. (2005) Pivotal

role of AtSUVH2 in heterochromatic histone methylation and gene silencing in

Arabidopsis. EMBO J 24: 1418-1429. Epub 2005 Mar 1417.

. Habu Y, Mathieu O, Tariq M, Probst AV, Smathajitt C, et al. (2006) Epigenetic

regulation of transcription in intermediate heterochromatin. EMBO Rep 7:
1279-1284.

Stancheva 1 (2005) Caught in conspiracy: cooperation between DNA
methylation and histone H3K9 methylation in the establishment and
maintenance of heterochromatin. Biochem Cell Biol 83: 385-395.

Schmitz RJ, Tamada Y, Doyle MR, Zhang X, Amasino RM (2009) Histone
H2B deubiquitination is required for transcriptional activation of FLOWERING
LOCUS C and for proper control of flowering in Arabidopsis. Plant Physiol 149:
1196-1204.

Dhawan R, Luo H, Foerster AM, Abugamar S, Du HN, et al. (2009) HISTONE
MONOUBIQUITINATIONTI interacts with a subunit of the mediator complex
and regulates defense against necrotrophic fungal pathogens in Arabidopsis.
Plant Cell 21: 1000-1019.

Wang H, An W, Cao R, Xia L, Erdjument-Bromage H, et al. (2003) mAM
facilitates conversion by ESET of dimethyl to trimethyl lysine 9 of histone H3 to
cause transcriptional repression. Mol Cell 12: 475-487.

@ PLoS Genetics | www.plosgenetics.org

14

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

53.

54.

56.

57.

SUVR4 Regulates H3K9me3 on Transposon Chromatin

. Todi SV, Winborn BJ, Scaglione KM, Blount JR, Travis SM, et al. (2009)

Ubiquitination directly enhances activity of the deubiquitinating enzyme ataxin-

3. EMBO J 28: 372-382.

. Roudier F, Teixeira FK, Colot V (2009) Chromatin indexing in Arabidopsis: an

epigenomic tale of tails and more. Trends Genet 25: 511-517.

Jackson JP, Johnson L, Jasencakova Z, Zhang X, PerezBurgos L, et al. (2004)
Dimethylation of histone H3 lysine 9 is a critical mark for DNA methylation and
gene silencing in Arabidopsis thaliana. Chromosoma 112: 308-315.

Ebbs ML, Bender J (2006) Locus-specific control of DNA methylation by the
Arabidopsis SUVH) histone methyltransferase. Plant Cell 18: 1166-1176.
Loyola A, Bonaldi T, Roche D, Imhof A, Almouzni G (2006) PTMs on H3
variants before chromatin assembly potentiate their final epigenetic state. Mol
Cell 24: 309-316.

Demidov D, Hesse S, Tewes A, Rutten T, Fuchs J, et al. (2009) Auroral
phosphorylation activity on histone H3 and its cross-talk with other post-
translational histone modifications in Arabidopsis. Plant J 59: 221-230.
Bernatavichute YV, Zhang X, Cokus S, Pellegrini M, Jacobsen SE (2008)
Genome-wide association of histone H3 lysine nine methylation with CHG
DNA methylation in Arabidopsis thaliana. PLoS ONE 3: €3156. doi:10.1371/
journal.pone.0003156.

. Johnson LM, Law JA, Khattar A, Henderson IR, Jacobsen SE (2008) SRA-

domain proteins required for DRM2-mediated de novo DNA methylation.
PLoS Genet 4: €¢1000280. doi:10.1371/journal.pgen.1000280.

Cao X, Jacobsen SE (2002) Locus-specific control of asymmetric and CpNpG
methylation by the DRM and CMT3 methyltransferase genes. Proc Natl Acad
Sci U S A 99 Suppl 4: 16491-16498.

Henderson IR, Jacobsen SE (2007) Epigenetic inheritance in plants. Nature 447:
418-424.

Chan SW, Henderson IR, Jacobsen SE (2005) Gardening the genome: DNA
methylation in Arabidopsis thaliana. Nat Rev Genet 6: 351-360.

Lindroth AM, Shultis D, Jasencakova Z, Fuchs J, Johnson L, et al. (2004) Dual
histone H3 methylation marks at lysines 9 and 27 required for interaction with
CHROMOMETHYLASE3. EMBO J 23: 4286-4296.

Law JA, Jacobsen SE (2010) Establishing, maintaining and modifying DNA
methylation patterns in plants and animals. Nat Rev Genet 11: 204-220.
Yokthongwattana C, Bucher E, Caikovski M, Vaillant I, Nicolet J, et al. (2010)
MOMI and Pol-IV/V interactions regulate the intensity and specificity of
transcriptional gene silencing. EMBO J 29: 340-351.

Numa H, Kim JM, Matsui A, Kurihara Y, Morosawa T, et al. (2010)
Transduction of RNA-directed DNA methylation signals to repressive histone
marks in Arabidopsis thaliana. EMBO J 29: 352-362.

Clough SJ, Bent AF (1998) Floral dip: a simplified method for Agrobacterium-
mediated transformation of Arabidopsis thaliana. Plant J 16: 735-743.

Earley KW, Haag JR, Pontes O, Opper K, Juehne T, et al. (2006) Gateway-
compatible vectors for plant functional genomics and proteomics. Plant J 45:
616-629.

Gleave AP (1992) A versatile binary vector system with a T-DNA organisational
structure conducive to efficient integration of cloned DNA into the plant
genome. Plant Mol Biol 20: 1203-1207.

Borud B, Aas FE, Vik A, Winther-Larsen HC, Egge-Jacobsen W, et al. (2010)
Genetic, structural, and antigenic analyses of glycan diversity in the O-linked
protein glycosylation systems of human Neisseria species. J Bacteriol 192:
2816-2829.

Gendrel A-V, Lippman Z, Martienssen R, Colot V (2005) Profiling histone
modification patterns in plants using genomic tiling microarrays. Nature
Methods 2: 213-218.

March 2011 | Volume 7 | Issue 3 | 1001325



