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Posttranslational modifications of histones play important roles in
modulating chromatin structure and regulating gene expression.
We have previously shown that more than two thirds of Arabi-
dopsis genes contain histone H3 methylation at lysine 4 (H3K4me)
and that trimethylation of H3K4 (H3K4me3) is preferentially lo-
cated at actively transcribed genes. In addition, several Arabidop-
sis mutants with locus-specific loss of H3K4me have been found to
display various developmental abnormalities. These findings sug-
gest that H3K4me3 may play important roles in maintaining the
normal expression of a large number of genes. However, the ma-
jor enzyme(s) responsible for H3K4me3 has yet to be identified in
plants, making it difficult to address questions regarding the
mechanisms and functions of H3K4me3. Here we described the
characterization of SET DOMAIN GROUP 2 (SDG2), a large Arabi-
dopsis protein containing a histone lysine methyltransferase do-
main. We found that SDG2 homologs are highly conserved in
plants and that the Arabidopsis SDG2 gene is broadly expressed
during development. In addition, the loss of SDG2 leads to severe
and pleiotropic phenotypes, as well as the misregulation of a large
number of genes. Consistent with our finding that SDG2 is a robust
and specific H3K4 methyltransferase in vitro, the loss of SDG2
leads to a drastic decrease in H3K4me3 in vivo. Taken together,
these results suggest that SDG2 is the major enzyme responsible
for H3K4me3 in Arabidopsis and that SDG2-dependent H3K4m3 is
critical for regulating gene expression and plant development.

chromatin | methylation

The nuclear DNA in eukaryotic cells is wrapped around his-
tone octamers (two copies each of H2A, H2B, H3, and H4)

to form nucleosomes, the basic units of chromatin. A myriad of
molecular processes, such as transcription, replication, DNA
repair, and recombination, take place in a chromatin environ-
ment and therefore can be profoundly affected by chromatin
structure. A growing body of evidence from recent studies indi-
cates that posttranslational covalent modifications of histones
play important roles in modulating the structural properties of
chromatin. Four types of histone modifications have been de-
scribed in plants, namely methylation, acetylation, phosphoryla-
tion, and ubiquitination (1, 2). Adding to the complexity of
histone modifications is the finding that at least two dozen res-
idues in core histones can be modified (1).
Four lysine residues in Arabidopsis core histones can be meth-

ylated, specifically, histoneH3 lysine4 (H3K4),H3K9,H3K27, and
H3K36 (1). Results from recent genome-scale profiling studies
suggest that most Arabidopsis genes contain methylated histones
and that different types of methylation are preferentially associ-
ated with different transcription states (3–11). That is, actively
transcribed genes usually contain H3K4me and H3K36me,
whereas developmentally repressed genes are enriched for
H3K27me3. These findings suggest that histone methylation may
play broad and important roles in regulating transcription. Con-
sistent with this notion, several Arabidopsis histone methyl-
transferase (HMTase) mutants have been found to exhibit
a myriad of developmental abnormalities (12–26). Furthermore,
transcriptome profiling studies have identified numerous genes
that are misregulated in HMTase mutants (19, 27, 28).

Understanding of the activities of individual HMTases is
crucial for elucidating the mechanisms and functions of histone
methylation. More than 30 putative HMTase genes have been
identified in the Arabidopsis genome (29–32). These genes are
named SET DOMAIN GROUP (SDG) genes because they con-
tain the SET lysine methyltransferase catalytic domain (named
after the Drosophila histone methyltransferases Su(var)3-9, En-
hancer-of-zeste, and Trithorax) (31). Previous phylogenetic anal-
yses of plant SDGs have resolved five ancient classes (classes I–
V) that have likely diverged before the diversification of plants,
animals, and fungi, because all five classes also include animal
and/or fungal proteins (31). In four of the five classes, the plant
SDGs seem to share similar enzymatic activities with their ani-
mal and/or fungal homologs. Specifically, class I SDGs are in-
volved in H3K27me2/3, class II in H3K36me2/3, class III in
H3K4me2/3, and class V in H3K9me2 (13, 19, 33, 34). Class IV
seems to be an exception: the Arabidopsis proteins SDG15 and
SDG34 are responsible for H3K27me1 (24), but it is not clear
whether the two yeast homologs (SET3 and SET4) possess
HMTase activity. The HMTases responsible for H3K4me1,
H3K9me1/3, and H3K36me1 have yet to be determined but are
likely to be uncharacterized members in these five classes.
Our previous genome-wide study of H3K4me in Arabidopsis

showed that more than two thirds of Arabidopsis genes contain at
least one type of H3K4me and that actively transcribed genes are
usually associated with H3K4me3 (9). These findings suggest
that H3K4me3 may play important roles in maintaining the
proper expression levels of numerous genes. However, how
H3K4me3 HMTases are recruited to individual genes and the
exact function(s) of H3K4me3 remain poorly understood. This
largely reflects the fact that the major H3K4me3 HMTase has yet
to be identified. Mutants in three of the seven class III HMTase
genes (ATX1/SDG27, ATX2/SDG30, ATXR7/SDG25) display
locus-specific defects in H3K4me; however, the global levels of
H3K4me3 in these mutants remain similar to that of wild type (25,
26, 28, 35).
Here we describe the characterization of SDG2, a large and

structurally unique protein belonging to class III. SDG2 shares
no significant sequence homology with other Arabidopsis SDGs
outside of the SET domain. However, we found that SDG2
homologs are widespread and highly conserved in plants and that
SDG2 is broadly expressed during Arabidopsis development. In
addition, the loss of SDG2 leads to severe and pleiotropic phe-
notypes and the misregulation of numerous genes. Furthermore,
SDG2 displays robust and specific H3K4me1, H3K4me2, and
H3K4me3 HMTase activities in vitro. Finally, the loss of SDG2
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is associated with a severe reduction in H3K4me3 in vivo. Taken
together, these results indicate that SDG2 is likely the major
enzyme responsible for H3K4me3 in Arabidopsis.

Results and Discussion
SDG2 Homologs Are Highly Conserved in Plants. Sequence analysis
of an SDG2 cDNA cloned from Arabidopsis indicated that the
SDG2 ORF is 7,245 bp in length, encoding a 2,414-aa protein
(≈276 kDa) with the SET domain located between amino acids
1849 and 1989 (Fig. 1). The remaining region in SDG2 does not
contain any recognizable domains or share any significant ho-
mology with other Arabidopsis proteins. Blastp searches using the
SDG2 protein sequence as query against the National Center for
Biotechnology Information (NCBI) nr protein database identi-
fied six potentially full-length proteins with extensive sequence
similarity to SDG2 from a wide range of plant species, including
monocots, dicots, moss, and the single-celled alga Chlamydo-
monas reinhardtii (referred to as SDG2 homologs; see below).
Phylogenetic analysis showed that SDG2 and its homologs are
more closely related to each other than to other proteins from
the respective species (Fig. 1A). It is therefore likely that SDG2
and its homologs represent a distinct lineage of putative
HMTases that have diverged from other HMTases during early
plant evolution. Importantly, most SDG2 homologs identified
here are computationally translated from mRNA sequences,
indicating that they are encoded by transcribed genes in the re-
spective species. Consistent with notion, further tBlastn searches
against the est database recovered 51 additional hits (E value <
1e-100) from a wide range of plant species.
SDG2 and the six full-length homologs are similar in size (e.g.,

2,300 aa in grapevine, 2,240 aa in rice, 2,852 aa in Physcomitrella
patens) as well as structure with regard to the relative location of
the SET domain. Sequence comparison by multiple alignment
revealed a high level of conservation within the SET domain, as
well as in the surrounding regions among SDG2 homologs (Fig.
1B). In addition, a number of highly conserved blocks of amino
acids can be found throughout the length of these proteins, in-
cluding the extreme N terminus (Fig. 1B). None of the conserved
regions outside of the SETdomain shows any significant homology
with other SDG proteins in Arabidopsis or other proteins in the
database. These results suggest that SDG2 might be functionally
distinct from other characterized Arabidopsis HMTases.

SDG2 Is Broadly Expressed and Critically Important for Multiple
Developmental Processes in Arabidopsis. SDG2 transcripts can be
readily detected in all major Arabidopsis organs by RT-PCR, in-
cluding roots, stems, leaves, and inflorescence (Fig. S1). In addi-
tion, on the basis of a previously published transcriptome profiling
dataset in 79Arabidopsis tissue types, SDG2 seems to be expressed
relatively evenly in all tissues tested, at levels that are comparable
to several other characterized HMTase genes (e.g., SDG8,
SDG15, and SDG33) (36). To further characterize the expression
pattern of SDG2, we generated transgenic plants expressing the
β-glucuronidase (GUS) gene under the control of the SDG2 pro-

moter (the ≈1.3-kb genomic regions between SDG2 and the
upstream gene). Consistent with the RT-PCR results and pre-
viously publishedmicroarray data,multiplePSDG2:GUS transgenic
lines consistently exhibited a broad GUS staining pattern in mul-
tiple tissues throughout development (Fig. 2A).
The wide distribution and high level of sequence homology of

SDG2 homologs in plants as well as the broad expression pattern
of SDG2 in Arabidopsis suggest that SDG2 may play important
roles in regulating cellular or developmental processes. To test
this, we obtained two T-DNA insertion mutant lines, sdg2-1
(SALK_021008) and sdg2-2 (CS852810), from the Arabidopsis
Biological Research Center. Both T-DNA insertions are located
upstream of the SET domain (Fig. 1B), and neither allele is
capable of producing full-length transcripts as assayed by RT-
PCR (Fig. S1). Heterozygous sdg2-1/+ and sdg2-2/+ plants are
phenotypically indistinguishable from wild type, and homozygous
sdg2-1 and sdg2-2 plants (referred to as sdg2 below) are viable.
However, both homozygous lines exhibit the same set of strong,
pleiotropic phenotypes. The morphological defects in sdg2 first
become apparent at 6–8 d after germination, when sdg2 seedlings
are smaller with curly leaves and significantly shorter roots (Fig.
2B). sdg2 plants remain dwarfed, with smaller rosettes through-
out vegetative growth, and flower significantly earlier in all
photoperiods tested (i.e., short day, long day, and constitutive
light) (Fig. 2 C and D). This early transition from vegetative to
reproductive growth is accompanied by the down-regulation of
flowering repressor gene FLC (see below). Moreover, although
the correct numbers of floral organs (sepal, petal, stamen, and
carpel) are formed in sdg2 flowers, sdg2 mutants are completely
sterile. A detailed examination revealed severe defects in both
male and female reproductive organs in sdg2. Specifically, sdg2
pollen grains are collapsed and unable to rehydrate or germinate
when transferred to the stigma of wild-type plants. Nonetheless,
sdg2 pollen grains do seem to contain one vegetative and two
generative nuclei (Fig. 2 E and F and Fig. S2). In addition, an
embryo sac that normally contains seven cells is not formed in
sdg2. Instead, a solid mass of small cells occupies the embryo sac
(Fig. 2G and Fig. S2). Consistent with this phenotypic defect, the
expression of egg- and endosperm-specific genes (e.g., EC1 and
MEA) is reduced to undetectable levels in sdg2 (Fig. 2H) (37,
38). Finally, sdg2 is defective in maintaining the indeterminacy of
the inflorescence meristem. Instead of indeterminate growth,
sdg2 inflorescences eventually develop into a terminal flower
with severely transformed organs (Fig. 2I).
The fact that the developmental abnormalities seen in sdg2 are

strictly recessive and shared by two independent T-DNA insertion
mutants suggests that these phenotypes are caused by the loss of
SDG2 function. To further test this, we performed a complemen-
tation test using the ≈13.5-kb genomic region containing the
SDG2 gene (including the≈1.3-kb promoter, the≈1-kb 3′flanking
region, and a 7x Myc epitope tag translationally fused to the N
terminus of SDG2). Because sdg2 plants were sterile, we trans-
formed this construct into heterozygous sdg2-1/+ plants and
identified T1 plants that were homozygous for sdg2-1 and also
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Fig. 1. SDG2 homologs in plants. (A) An unrooted neighbor-joining tree showing the phylogenetic relationship of SDG2 and full-length SDG2 homologs in
plants. Numbers indicate bootstrap values. The GeneIDs are indicated next to the species names. Scale bar indicates sequence divergence. (B) A CLUSTALX
histogram from a multiple alignment of the sequences in A. Numbers to the right indicate sequence positions (relative to SDG2). Vertical bars represent the
sequence identity at each position (height and colors representing levels of identify). Open and filled arrowheads indicate T-DNA insertion positions in sdg2-1
and sdg2-2, respectively. The positions of the SET domain and the SDG2C fragment are indicated below.
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contained the transgene (sdg2-1;PSDG2:myc-SDG2) by PCR (Fig.
S3A). Myc-SDG2 fusion proteins with the apparent molecular
mass of ≈280 kDa can be readily detected in sdg2-1;PSDG2:myc-
SDG2 plants by Western blots using an antibody against the Myc
tag (Fig. S3B). Importantly, multiple independent transgenic
plants were found to be phenotypically indistinguishable fromwild
type, indicating that the developmental abnormalities were fully
rescued by the transgene. Taken together, these results indicate
that SDG2 plays critical roles in regulating multiple de-
velopmental processes in Arabidopsis.

SDG2 Is Required for the Normal Expression of a Large Number of
Genes. The pleiotropic defects of sdg2 mutants suggest that
SDG2 may be required for the normal expression of a large
number of genes throughout development. To identify genes
misregulated in sdg2, we performed a transcriptome analysis of
sdg2-1 and wild-type plants using the Affymetrix ATH1 micro-

arrays (covering ≈22,600 Arabidopsis genes). sdg2-1 and wild-
type plants were grown side by side and analyzed 12 d after
germination, when sdg2-1 plants could be readily distinguished
from wild type and heterozygous siblings.
We found that a large number of genes were misregulated

in sdg2-1: 271 genes were up-regulated, and 321 genes were down-
regulated by greater than fourfold (1,170 up-regulated and 1,265
down-regulated by greater than twofold). Real-time RT-PCR
validations at 17 genes, using independently prepared samples,
yielded results that were highly consistent with microarray results
(Fig. S4). In some cases the gene expression alterations can already
account for some of the phenotypic changes seen in sdg2-1. For
example, consistent with the early flowering defect, the flowering
repressor gene FLC was found to be significantly down-regulated
in sdg2-1 (At5g10140 in Fig. S4). Interestingly, whereas genes
up-regulated in sdg2-1 are involved in a wide range of biologi-
cal processes, transcription factors and DNA-binding proteins
are overrepresented in down-regulated genes (P = 3.9e-06 and
3.0e-04, respectively), suggesting that SDG2 might be required to
maintain the proper expression level of many transcriptional
regulators. Finally, although more than 10% of all genes are
misregulated in sdg2-1 at the seedling stage, it is likely that many
additional genes may require SDG2 for their proper expression in
other tissues (e.g., EC1 andMEA; Fig. 2H). Taken together, these
results suggest that SDG2 plays broad and important roles in
regulating gene expression throughout development.
The substrate specificities and mutant transcriptional profiles

have been previously described for two other Arabidopsis histone
methyltransferases: ATX1/SDG27 (H3K4me) and the ASHH2/
SDG8 (H3K36me) (19, 27). If SDG2 is functionally similar to
ATX1 or ASHH2, one might expect similar transcriptional
changes in these mutants. However, we found that the genes
reported to be significantly up- or down-regulated in atx1 and
ashh2 were not preferentially affected in the same manner in
sdg2-1 (Fig. S5). Although experimental variations such as ge-
netic background or growth conditions may account for some of
the observed differences in these mutants, the gross lack of
correlation and the fact that sdg2, atx1, and ashh2 mutants ex-
hibit distinct sets of phenotypes suggest that SDG2, ATX1, and
ASHH2 may play distinct roles in transcriptional regulation.

SDG2 Is a Histone H3 Lysine4 Methyltransferase. To determine
whether SDG2 is indeed an active HMTase, we expressed and
purified the C-terminal region of SDG2 including the SET domain
and its flanking regions (amino acids 1650–2414; “SDG2C” in Fig.
1B). SDG2Cwasusedhere for two reasons.First, attempts to clone
the full-length SDG2 cDNA amplified by RT-PCR into Escher-
ichia coli were unsuccessful, which might be because SDG2 was
toxic in E. coli. Second, on the basis of the multiple alignment
shown in Fig. 1B, SDG2C seems to represent a large and highly
conserved domain, which is separated from other conserved
regions by stretches of amino acids with low levels of sequence
conservation. HMTase activity assays were performed using
SDG2C as the enzyme source, calf thymus core histones or
recombinant Arabidopsis histone H3 as the substrate, and
S-[methyl-3H]-adenosyl-L-methionine (SAM) as the methyl do-
nor. As shown in Fig. 3A, SDG2C can readily methylate both calf
thymus histoneH3 and recombinantArabidopsis histoneH3. These
results indicate that SDG2 is indeed an active H3HMTase in vitro
and that the HMTase activity of SDG2C does not require any
preexisting histone modifications or other Arabidopsis proteins.
Arabidopsis histone H3 can be methylated at four lysines:

H3K4, H3K9, H3K27, and H3K36 (1). To further characterize
the substrate specificity of SDG2, we expressed and purified the
N-terminal 57 aa of histone H3 as well as four mutant versions,
each with one of the above four lysines mutated to an arginine
(referred to as H3, H3K4R, H3K9R, H3K27R, and H3K36R,
respectively, in Fig. 3B). Control experiments using the SET
domain of the H3K9 HMTase KRYPTONITE (KYP) showed
that KYP could methylate H3K4R, H3K27R, and H3K36R
peptides but not the H3K9R peptide (Fig. 3B) (33). These mu-
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Fig. 2. Expression pattern of SDG2 and pleiotropic phenotypes of sdg2. (A)
GUS staining results of young seedlings and inflorescences of wild-type and
PSDG2:GUS transgenic plants. (B) sdg2 seedlings are small, with curly leaves
and reduced root length. (C) sdg2 mutants remain dwarfed throughout
development. (D) sdg2mutants flower early. (E and F) sdg2 pollen grains are
collapsed and unable to germinate when transferred to wild-type stigma,
but the three haploid nuclei are present. (G) Upper: Longitudinal sections
showing the central cell (cc), egg cell (e), and synergid cell (s) in wild-type but
not in sdg2 ovules. Lower: Cross-sections showing the embryo sac (arrows) in
wild-type but not sdg2 ovules. (H) Genes preferentially expressed in egg cells
(e.g., EC1) and endosperm (e.g.,MEA) are drastically down-regulated in sdg2
(results from three replicates are shown). (I) sdg2 inflorescences develop into
terminal flowers with deformed organs.
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tant histones were then used as substrates for SDG2C. We found
that H3K9R, H3K27R, and H3K36R peptides can be methylated
by SDG2C at the same level as wild-type H3 (Fig. 3B). In ad-
dition, the simultaneous mutations of H3K9, H3K27, and H3K36
to arginines in the H3K9,27,36R triple-mutant peptide blocked
methylation by KYP but not by SDG2C (Fig. 3B). In contrast,
a single H3K4R mutation completely blocked methylation by
SDG2C (Fig. 3B). These results indicate that SDG2C specifically
methylates H3K4 in vitro.
To further characterize the activity of SDG2 with regard to the

number of methyl groups added, we carried out HMTase assays
using unlabeled SAM and allowed the reactions to proceed for
various time periods from 15 min to 36 h. Western blot analyses
were then performed using antibodies against H3K4me1,
H3K4me2, and H3K4me3 to detect the presence of these
modifications in the products. We found that SDG2C was ca-
pable of catalyzing all three types of H3K4 methylation:
H3K4me1 first became detectable within 15 min and continued
to accumulate throughout the 24–36-h span, whereas robust
signals of H3K4me2 and H3K4me3 were detected after 2–4 h
(Fig. 3C). Although the interpretation of these results is com-
plicated by the semiquantitative nature of Western blot analysis
as well as the in vitro conditions for the methylation reactions, it

is interesting to consider that H3K4me2 and H3K4me3 catalyzed
by SDG2 may occur at much slower rates than H3K4me1.

Loss of SDG2 Leads to a Severe and Genome-Wide Decrease in
H3K4me3. The finding that SDG2C can catalyze all three types of
H3K4 methylation is consistent with the fact that the SET do-
main of SDG2 contains a phenylalanine residue at an important
position known as the “Phe/Tyr switch,” a hallmark of HMTases
capable of catalyzing all three types of lysine methylation (39).
Importantly, of the seven Arabidopsis class III SDG proteins
computationally identified as putative H3K4 HMTases, only
SDG2 contains a Phe residue at the Phe/Tyr switch; the re-
maining six SDGs contain a Tyr residue at this position, a char-
acteristic of HMTases that preferentially catalyze mono- and
dimethylation.
To infer the in vivo specificity of SDG2, we assessed the levels

of H3K4me1, H3K4me2, and H3K4me3 by Western blotting
using proteins extracted from wild-type and sdg2-1 plants. This
analysis revealed a severe decrease in the cellular level of
H3K4me3 in sdg2-1 (but not in sdg2-1;PSDG2:myc-SDG2) (Fig.
4A). Semiquantitative Western blot analysis showed that the
cellular level of H3K4me3 in sdg2-1 decreased to ≈34% of the
wild-type level (Fig. S6). In contrast, H3K4me1 and H3K4me2
levels do not seem to be significantly affected in sdg2 (Fig. 4A).
Considering the fact that SDG2 can catalyze all three types
of H3K4 methylation in vitro, the specific loss of H3K4me3 in
sdg2-1 suggests that the in vivo activity of SDG2 might be
modulated by additional factors to favor H3K4me3. Alterna-
tively, it is possible that the function of SDG2 in H3K4me1 and
H3K4me2 is redundant with other class III SDGs. Future genetic
studies involving multiple class III mutants should provide the
necessary information to discern these two possibilities. It should
also be noted that roughly one third of H3K4me3 remains in
sdg2. This result is consistent with a previous report of a small
decrease of H3K4me3 in the atxr1 mutant (35). It is therefore
likely that other class III HMTases can also function in the ca-
talysis of H3K4me3, albeit with a significantly lower efficiency.
To further characterize the role of SDG2 in H3K4me3, we

compared the chromatin levels of H3K4me3 between wild type
and sdg2-1 by ChIP and real-time PCR at 30 genes. These genes
were selected to represent up-regulated, down-regulated, and
unaffected genes, so that any changes in H3K4me3 caused by
secondary effects (e.g., those associated with transcriptional
changes) could be evaluated. TheH3K4me3 level at each genewas
determined as the ratio of H3K4me3 over H3 and normalized by
the ratio of H3K4me3 over H3 at Ta3, a transcriptionally silent
retrotransposon. In addition, an intergenic control region (be-
tween AT5G32950 and AT5G32975) was included in this analysis
and found to contain virtually the same level ofH3K4me3 asTa3 in
bothwild type and sdg2-1 (Fig. 4B). TheH3K4me3 levels at 5 of the
30 genes were relatively low in wild type but significantly higher
(approximately two- to fivefold) than the intergenic region or Ta3.
Loss of SDG2did not lead to any significant decrease ofH3K4me3
at these genes (Fig. 4B). In contrast, the H3K4me3 levels at the
remaining 25 genes are much higher in wild type (≈10- to 100-fold
of the intergenic region or Ta3) and become drastically reduced in
sdg2-1, reaching levels that are comparable to the 5 genes de-
scribed above (Fig. 4B). Importantly, the H3K4me3 defects at
these genes are fully rescued by the PSDG2:myc-SDG2 transgene
(Fig. 4B). These results are consistent with the drastic decrease
(but not the elimination) of H3K4me3 detected by Western blot
analysis (Fig. 4A). Taken together, these results indicate that
SDG2 is responsible for the high levels of H3K4me3 at the vast
majority of genes in Arabidopsis.
Interestingly, changes in H3K4me3 at individual genes do not

seem to be strictly correlated with changes in the transcription
levels of these genes. For example, the H3K4me3 levels at all 25
“high-H3K4me3” genes are drastically reduced in sdg2-1, re-
gardless of whether a particular gene is up-regulated, down-
regulated, or unaffected (Fig. 4B). It is therefore likely that the
decrease of H3K4me3 at these genes results from the loss of
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SDG2, rather than from secondary effects associated with changes
in transcription. The variable effects of the loss of H3K4me3 also
indicate that the role of H3K4me3 in transcriptional regulation
may be gene-specific and affected by additional factors.

Conclusions
In summary, two main lines of evidence presented here suggest
that SDG2 is the major H3K4me3 HMTase in Arabidopsis. First,
SDG2C specifically methylates H3K4 and is capable of catalyz-
ing all three types of methylation in vitro. Second, the loss of
SDG2 activity in sdg2 leads to a severe decrease of H3K4me3 at
numerous loci in vivo. These results are consistent with the fact
that SDG2 is the only H3K4 HMTase in Arabidopsis that con-
tains a Phe residue at the “Phe/Tyr switch,” a characteristic of
histone lysine trimethyltransferases (39). Importantly, the pres-
ence of a Phe residue at this position is conserved in all SDG2
homologs identified here, indicating that SDG2 homologs may
also function in H3K4me3 in other plant species.
The identification of SDG2 as the major H3K4me3 HMTase in

Arabidopsis should facilitate future studies directed to understand
the mechanisms by which H3K4me3 is established at individual
genes and to answer the question of how H3K4me3 may affect
chromatin structure and transcription.Meanwhile, several findings
described here have already broadened our understanding of
H3K4me3 in plants. First, our previous genome-wide analysis
provided circumstantial evidence that H3K4me may play broad
and important roles in maintaining active transcription (9). The
pleiotropic phenotypes and large-scale transcriptional changes as-
sociated with the loss of H3K4me3 in sdg2 provide direct evidence
that H3K4me3 is critically important in regulating gene expression
in plants. Second, although the H3K4me3 levels at all 25 high-
H3K4me3 genes decreased substantially, only a subset of these
genes displayed significant changes in transcription, and both up-
anddown-regulationwereobserved. Similarfindings (i.e., relatively
limited transcriptional changes) have been reported in other Ara-
bidopsis HMTase mutants (19, 27, 28). Collectively, these results
seem to suggest that, in most cases, histone modifications such as
H3K4me and H3K36me may be involved in fine-tuning (rather
than dictating) transcription levels. These results also indicate that
some genesmay bemuchmore sensitive to chromatin changes than
others. Finally, in addition to the SET domain, plant SDG2
homologs contain several large blocks of highly conserved residues
in the N-terminal region (Fig. 1B). In SDG2, these conserved res-
idues are dispensable for the in vitro HMTase activity, indicating
that theymight be involved in other aspects of SDG2 function, such
as mediating protein–protein interactions. Interestingly, with the
exceptionof theSETdomain, plant SDG2homologsdonot contain
other recognizable domains or share any sequence homology with

animal and fungal H3K4HMTases. It is therefore possible that the
mechanisms responsible for H3K4 HMTase recruitment in plants
might differ from those in animals and fungi.

Methods
Plant Materials and Growth Conditions. All Arabidopsis plants used in this
study are of the Columbia (Col-0) accession. The sdg2-1 (SALK_021008) and
sdg2-2 (CS852810, WiscDsLox361D10) were obtained from the Arabidopsis
Biological Research Center. Plants were grown at 22 °C under continuous
light except those used in the flowering time experiments, which were
grown under continuous light, long day (16 h light), or short day (8 h light).

Sequence and Phylogenetic Analysis. Blastp and tBlastn searches were per-
formed using the SDG2 amino acid sequence as query against the NCBI nr
protein and est databases, respectively. Themultiple alignmentwas generated
using CLUSTALW, and the unrooted neighbor-joining tree was constructed
using MEGA3.0. Bootstrap values were calculated from 1,000 replicates.

Microarray Analysis and Validation. Wild-type and sdg2-1 plants were grown
side by side, and whole seedlings were harvested 12 d after germination. RNA
was extracted using the TRIzol reagent (Invitrogen), cleaned using the RNeasy
kit (Qiagen), labeled using the 3′ IVT Express Kit (Affymetrix), and hybridized
to the Affymetrix GeneChip Arabidopsis ATH1 Genome Array. Array staining,
washing, and scanning were performed as previously described (40). Three
pairs of biological replicates were included. Data analysis was performed
using the GCRMA and LIMMA packages. Raw and processed microarray data
have been deposited in Gene Expression Omnibus (accession no. GSE23208).

Real-Time RT-PCR Validation. Reverse transcription was performed using the
Transcriptor First Strand cDNA Synthesis Kit (Roche). Real-time PCR was
performed using the SYBR Green I Master Mix on a LightCycler 480 (Roche).
PCR primers are listed in Table S1.

Protein Purification and HMTase Assays. The 3′ region of the SDG2 cDNA
encoding SDG2C was PCR amplified using the primers 5′-cccgggaGG-
TCGATCACAAGACTTACGC and 5′-gtcgacCTAACTATCCCATGTCGCTTG, and
cloned into the pGEX-6P-1 vector (GE Healthcare). GST-SDG2C fusion protein
was expressed in E. coli [BL21(DE3); Invitrogen] and purified using the GST
Bind Purification Kit (EMD Chemicals). GST-H31–57 as well as the K4R, K9R,
and K27R mutant constructs were described previously (41). The K36R and
H3K9,27,36R GST-H31–57 constructs were generated using site-directed mu-
tagenesis. HMTase assays were performed as previously described using SAM
(Perkin-Elmer) (33). After the HMTase assay, the reaction mix was separated
by SDS/PAGE gel electrophoresis, dried, and exposed to films for 6–8 h. Al-
ternatively, the HMTase reaction was performed using unlabeled SAM
(NEB), and the products were analyzed by Western blot analysis (see below).

Western Blot and ChIP. Western blot analyses were performed as previously
described (42). The antibodies used here are as follows: ab1791 (anti-H3;
Abcam), ab8895 (anti-H3K4me1; Abcam), ab32356 (anti-H3K4me2; Abcam),
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04-745 (anti-H3K4me3; Millipore), 9E10 (anti-Myc; Covance), and B-14 (anti-
GST; Santa Cruz Biotechnology). H3 and H3K4me3 ChIP experiments were
performed as previously described (5), using the ab1791 (anti-H3; Abcam) and
07-473 (anti-H3K4me3; Millipore) antibodies, respectively. Real-time PCR
primer sequences are listed in Table S2.
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