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ABSTRACT

Chromatin is regulated at many different levels, from
higher-order packing to individual nucleosome place-
ment. Recent studies have shown that individual his-
tone modifications, and combinations thereof, play a
key role in modulating chromatin structure and gene
activity. Reported here is an analysis of Arabidopsis
histone H3 modifications by nanoflow-HPLC coupled
to electrospray ionization on a hybrid linear ion trap-
Fourier transform mass spectrometer (LTQ/FTMS).
We find that the sites of acetylation and methylation,
in general, correlate well with other plants and
animals. Two well-studied modifications, dimethyla-
tion of Lys-9 (correlated with silencing) and acetyla-
tion of Lys-14 (correlated with active chromatin) while
abundant by themselves were rarely found on the
same histone H3 tail. In contrast, dimethylation at
Lys-27 and monomethylation at Lys-36 were com-
monly found together. Interestingly, acetylation at
Lys-9 was found only in a low percentage of histones
while acetylation of Lys-14 was very abundant.
The two histone H3 variants, H3.1 and H3.2, also differ
in the abundance of silencing and activating marks
confirming other studies showing that the replication-
independent histone H3 is enriched in active
chromatin.

INTRODUCTION

Gene expression is intricately linked to chromatin structure,
whose foundation in eukaryotic cells is the nucleosome. The
nucleosome consists of 146 bp of DNA wrapped around a
histone octamer (two each of histones H2A, H2B, H3
and H4) (1). Recent evidence suggests that this octamer is

assembled first as two dimers of H3/H4 on the DNA,
followed by addition of two dimers of H2A/H2B (2). This
assembly happens both during replication (3) and outside of
replication primarily during active transcription (4,5). Vari-
ation in the composition of the nucleosome octamer by in-
corporation of histone variants and in post-translational
modifications of the unstructured N-terminal tails of the indi-
vidual histones allows fine-tuning of the chromatin structure at
several different levels. First, higher-order packing or con-
densation of the chromatin can be modulated both at specific
times in the cell cycle (mitotic condensation) and continuously
through the cell cycle (heterochromatic regions) (6). Second,
the strength of interaction between the DNA and the histone
octamer can be altered, influencing the sliding or movement of
nucleosomes and thereby affecting gene regulation (7–10).
Finally, specific modifications have been shown to serve as
binding sites for proteins involved in silencing or activation
while others have been shown to inhibit binding of certain
proteins (11–14).

Over the past several years, many studies examining histone
modifications and their role in gene expression have been
reported [reviewed in (15)]. Modifications on the histone
H3 N-terminus that have been associated with transcriptional
activation are methylation of Lys-4 (K4), acetylation of Lys-9
(K9), acetylation of Lys-14 (K14), methylation of Arg-17
(R17), acetylation of Lys-18 (K18) and acetylation of
Lys-23 (K23). On the other hand, methylation of K9 and
methylation of K27 have been correlated with gene silencing
or heterochromatin. Phosphorylation of Ser-10 (S10) plays a
role in chromatin condensation during mitosis as well as an
involvement in transcriptional activation (12,16). The role of
methylation of K36 remains somewhat elusive; it has been
reported as both an active mark and a repressive mark with
respect to transcription (17,18).

Recent results have indicated that the combination of
modifications on a single nucleosome may be the key in
determining chromatin structure and function. For example,
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in Drosophila methylation at K9 of H3 is not a mark for
silencing when found on the same nucleosome as methylation
at K4 of H3 and K20 of H4 (19). In Arabidopsis, methylation
at both K9 and K27 is required for binding of the DNA methyl-
transferase CMT3 (20). In addition to the specific sites of
modification, methylation of lysines can exist as monomethy-
lation, dimethylation or trimethylation (21). Therefore, not
only are the combinations of these modifications on a single
nucleosome important for regulating chromatin structure and
function, but also the number of methyl groups added at a
particular site (11,12,14,22).

Arabidopsis thaliana is an excellent system to analyze his-
tone variants and their modifications given its facile forward
and reverse genetics along with its small and completely
sequenced genome. There are two predominant histone H3
variants in the genome in addition to the centromeric histone
CenH3: H3.1 (five copies) and H3.2 (three copies). H3.1 is
similar to the S phase-dependent variant found in animals and
H3.2 is similar to the replacement histone H3.3 expressed
throughout the cell cycle (23). These two proteins differ in
only a few amino acids (24), however in HeLa cells H3.1 is
found exclusively associated with the CAF-1 complex
involved in nucleosome assembly during DNA replication
while H3.3 is found exclusively associated with the HIRA
complex involved in assembly outside of S phase (2). This
is consistent with the finding that the H3.3 replacement histone
is found primarily in actively transcribed regions, whereas the
H3.1 may be found in all regions but at higher concentration in
heterochromatic loci (5,25).

The Arabidopsis genome encodes homologs of most
major classes of histone methyltransferases and acetyl-
transferases found in animals (http://www.chromdb.org).
From a screen for mutants that cause derepression of a silent
gene called SUPERMAN, mutant alleles were isolated in
the gene KRYPTONITE (KYP), one of the histone methyl-
transferases homologous to Su(var)3-9 (a histone H3
K9 specific methyltransferase) (26). In a similar independent
screen, additional alleles of this gene were also identified
(27). Using antibodies, we showed that kyp mutants
reduce dimethylation (but not monomethylation) of H3 K9
at heterochromatic loci (28,29). However, it is not clear
whether there is residual methylation at K9 which could be
controlled by one of the other Su(var)3-9 homologs in Arabi-
dopsis or what effect this change might have on neighboring
modifications.

In this report, we describe the first characterization of
histone H3 N-terminal modifications in Arabidopsis using
mass spectrometry, eliminating problems inherent in using
antibodies [differences in strength, specificity, interference
by neighboring modifications and cross-reaction with other
proteins (12,29)]. In addition, mass spectrometry allows us
to determine multiple modifications on a given fragment.
We find certain modifications are essentially mutually
exclusive on the same N-terminus, whereas others can be
found together. In addition, we find that the replication-
dependent histone H3 (H3.1) is enriched in modifications
associated with silencing while the replication-independent
histone H3 (H3.2) has a lower abundance of the silencing
modifications and higher abundance of methylation at
K36. Finally, we compare histones isolated from plants
containing the mutant kyp to wild-type plants and observe

a 3- to 4-fold decrease in dimethylation and trimethylation
at H3 K9.

MATERIALS AND METHODS

Histone isolation for western blots and mass
spectrometric analysis

Crude histone preparations were made from 1 g of inflores-
cences from Arabidopsis thaliana Landsberg erecta (Ler) con-
taining the SUPERMAN inverted repeat (clk-st) (30) and kyp
plants (26) as described previously (31). In addition to the
guanidine hydrochloride used in the lysis buffer to inhibit
proteases, deacetylases, phosphatases, etc., the following inhi-
bitors were added: PMSF, pepstatin, complete miniTab
(Roche), NaOrthovanadate, hydrogen peroxide, calyculin
and sodium butyrate. The histone-enriched extract was then
used directly for dot blot or western blot analysis. Primary
antibodies specific for AcK9 were obtained from Upstate
Biotechnology (Catalog #06-942, Lot #21897). Dot blots con-
taining three levels of AcK9 peptide, AcK14 peptide (both at
50, 10 and 2 pmol) and Ler nuclear extract (5, 2.5 and 1.2 mg)
were probed with either a-AcK9 antibodies preincubated with
either a 10· molar excess of AcK14 peptide or AcK9 peptide.
For the western blot, proteins were separated by electrophor-
esis on 15% SDS–PAGE and then transferred to PVDF mem-
brane in CAPS/methanol buffer. Two identical blots were
prepared and probed with either a-AcK9 antibodies or a-
AcK9 antibodies preincubated with a 10· molar excess of
AcK9 peptide.

Purification of histone H3 from the crude histone sample
was accomplished by HPLC with a C8 column (250 mm ·
4.6 mm i.d., Keystone Scientific, Inc.) on an Agilent 1100
series instrument (Palo Alto, CA). A gradient of 0–100% B
in 100 min (solvent A = 5% MeCN in 0.1% TFA, solvent
B = 90% acetonitrile in 0.085% TFA, flow rate = 0.8 ml/min)
was employed for the separation. Fractions were collected
every minute and then analyzed by gel electrophoresis to
locate those that contained histone H3. Gel electrophoresis
experiments were performed for 1 h at 150 V using 18%
Tris–HCl gels (Bio-Rad, Hercules, CA). Protein bands were
visualized by staining with Coomassie blue for 25 min. Histone
H3 proteins from pooled HPLC fractions were digested with
Glu-C protease and fragments containing residues 1–50 were
purified by HPLC, derivatized by propionylation, and then
digested with trypsin (enzyme:protein = 1/15) in 100 mM
NH4HCO3 (pH = 8) for 8 h at 37�C, as described previously
(32). Newly generated N-termini were propionylated and the
reaction mixture was then lyophilized. Derivatized peptides
from the Ler sample were converted to d0–ethyl esters with
100 mM solution of HCl in d0-ethanol (32). Peptides from the
kyp sample were converted to d5-ethyl esters with 100 mM
HCl in d6-ethyl alcohol. Both reactions were allowed to
proceed at room temperature for 1 h. Solvents were then
removed by lyophilization. Esterification procedures were
repeated a second time with fresh reagents and lyophilized
peptide ethyl esters were reconstituted in 50 ml of 0.1% acetic
acid. Aliquots (10 ml) of each solution were mixed to
prepare samples for comparative analysis by mass spectro-
metry (Figure 5).
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Mass spectrometry

Mixtures of derivatized tryptic peptides from histone H3
proteins were analyzed by nanoflow HPLC/micro-ESI
(micro electrospray ionization) interfaced to a Finnigan
LTQ-FT mass spectrometer (Thermo Electron Corp.) (32).
Spectra were acquired with the instrument operating in the
data dependent mode of operation. Every 3 s, the LTQ-FT
acquired a full mass spectrum with the FTMS as the analyzer, a
full mass spectrum with the linear ion trap as the analyzer, and
MS/MS spectra on the ten most abundant peptide ions in the
full MS scan. The linear ion trap was used as the analyzer for
this latter experiment. All MS/MS spectra were interpreted
manually. Mass measurements made with the FTMS in the
full mass spectrum were all within 2–3 p.p.m. (parts per mil-
lion) of the theoretical masses. Since the fragment containing
residues 41–50 of H3 is not known to contain post-transla-
tional modifications, ion abundances observed for this frag-
ment were used to normalize all other fragment ion
abundances observed in the Ler and kyp samples.

As phosphorylation was not initially observed, we enriched
our sample for phosphopeptides by using IMAC (immobilized
metal affinity chromatography). Then we looked for the parent
ion with an addition of 80 Da and for abundant fragment
masses in the MS/MS spectra resulting from a neutral loss
of phosphoric acid (MH+ �98 or MH+2 �49) from the
parent mass.

RESULTS

Analysis of N-terminal modifications on Histone H3

It has been noted previously that Arabidopsis histone variants
H3.1 and H3.2, unlike Alfalfa variants, are not separable by
HPLC due to a sequence difference at position 90 (23). Hence,
we proceeded to purify and analyze a mixture of the two
variants. To isolate specific peptides from the N-terminus
for analysis by mass spectrometry, histone H3 proteins
were digested with the protease Glu-C and the N-terminal
peptides containing residues 1–50 were then separated and
derivatized by propionylation as described in Materials and
Methods. Propionylation of the peptide N-terminus and the
epsilon amino groups on lysine residues blocks trypsin from
cleaving residues 1–50 on the C-terminal side of lysine. As a
result, proteolysis with trypsin occurs only C-terminal to
arginine (Figure 1), and generates fragments containing the
following residues: 3–8, 9–17, 18–26, 27–40 and 41–50. Pep-
tides containing residues 3–8 elute early in the HPLC gradient
and are often detected with low efficiency.

Methylation of K9 and acetylation of K14 are
essentially mutually exclusive

Three well-characterized modifications are found on the 9–17
fragment: methylation at K9 (normally associated with silent
chromatin) and acetylation at K9 and K14 (normally asso-
ciated with active chromatin). We found that methylation of
H3 K9 was predominantly monomethyl K9 (20% 1MK9) or
dimethyl K9 (10% 2MK9; Figure 2A). Trimethylation at K9
(3MK9) was 100-fold lower than 1MK9. This is consistent
with analysis of heterochromatic chromocenters using
antibodies to 1MK9, 2MK9 and 3MK9 (29) and with the

estimates for the amount of heterochromatin found in
Arabidopsis (33).

Interestingly, acetylation appears to occur primarily at K14
(�30% of the 9–17 peptide isoforms). Fragments containing
residues 9–17 that are mono-acetylated at either K14 or K9 co-
elute into the mass spectrometer. However, MS/MS spectra
were used to estimate the abundances for each species and we
conclude that ratio of the AcK14/AcK9 peptides in the chro-
matic peak is 9/1(data not shown). The abundance of diace-
tylated species (AcK14 & AcK9) was �30-fold lower than
that of the singly acetylated species. We also observed very
low levels of peptides modified by methylation at K9 along
with acetylation at K14 (Figure 2A). We did not observe
peptides that contained S10 phosphorylation. These may
have been destroyed by phosphatases during histone purifica-
tion or may have been below our level of detection because
they are only produced transiently during the cell cycle
(21,23).

Although the very low levels of acetylation at K9 that we
observed are consistent with what was found in Alfalfa (34),
this site is of particular interest since acetylation at K9 could
compete with methylation preventing gene silencing (35). In
addition, several studies have detected AcK9 in Arabidopsis
using commercially available antibodies (36,37). Hence, we
tested the presence of AcK9 in our preparations using anti-
bodies. We first determined the specificity of the antibodies by
dot-blots using an excess of AcK9 or AcK14 peptide as
competitor. We found that a-AcK9 antibodies indeed recog-
nized peptides acetylated at K9 and not K14, and interaction
with the peptide was competed by preincubation with AcK9
peptide but not AcK14 peptide. However, we found that they
also cross-react with other nuclear proteins in Arabidopsis that

Figure 1. Cleavage of histone H3 for analysis by mass spectrometry.
Schematic representation of the protocol used to generate tryptic peptides
from residues 1–50 of histone H3. The resulting fragments contained
residues 3–8, 9–17, 18–26, 27–40 and 41–50. Circles and squares above the
line represent hypothetical sites of methylation and acetylation, respectively.
Diamonds indicate that peptide N-termini and lysine epsilon amino groups have
been derivatized with a C2H5CO-moiety (propionylation). Monomethyl lysines
are also propionylated, but dimethyl-, trimethyl- and acetylated lysines are not.
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are not competed out by excess peptide (Figure 2B). Western
blots of Arabidopsis nuclear proteins show clear recognition of
histone H3 as well as higher molecular weight proteins
(Figure 2C). Only the H3 band is competed out by prior in-
cubation of the antibody with a 10· molar excess of AcK9
peptide indicating that there are detectable levels of AcK9 in
Arabidopsis. It is not possible by western blotting to calculate
a percentage of histones modified by acetylation at K9, but

antibodies are more sensitive than mass spectrometry, so even
if the level is only a few percent of the total histone H3, it is
still easily detectable. Nonetheless, AcK14 seems to be the
predominant mark on histone H3, not AcK9.

Acetylation is observed at both K18 and K23

For the H3 fragment containing residues 18–26, we observed
the unmodified peptide plus isoforms acetylated at K18
(AcK18), K23 (AcK23) and both K18 and K23 (AcK18 &
AcK23) (Figure 3). Monomethylated fragments containing
residues 18–26 were also detected but at levels <0.5% of
that for the acetylated. Assignment of the methylation site
to K18, K23 or a mixture of both was not possible in this
analysis.

Histone H3 variants differ in the extent of methylation
at K27 and K36

Histone H3.1 and H3.2 differ by four amino acids located at
amino acids 31 (A versus T), 41 (F versus Y), 87 (S versus H)
and 90 (A versus L). Although the two variants cannot be
separated by HPLC, the sequence differences in fragments
27–40 and 41–50 allowed us to distinguish between the var-
iants by mass spectrometry. The only modifications observed
on the 27–40 fragment of these two variants involved methy-
lation at K27 and K36 (MK27, MK36 and MK27 & MK36).
Acetylation was not detected at either of these sites. As shown
in Figure 4, the percent relative abundance of methylated iso-
forms derived from the two variants differ significantly. H3.1
has a mixture of peptide isoforms dominated by those methy-
lated at K27 (60% 1MK27, 16% 2MK27 and 5% 3MK27), no
detectable 1MK36 or 2MK36 and 3% 3MK36. Fragments
methylated at both K36 and K27 were also observed (�3%
1MK36 & 2MK27 and 3% 2MK36 & 1MK27, see Figure 4A).
In contrast, the peptide isoforms observed for H3.2 show lower
levels of methylation at K27 (36% 1MK27 and 6% 2MK27
with no detectable 3MK27) and higher levels of methylation at

Figure 2. Analysis of peptide isoforms containing residues 9–17 of histone
H3. (A) Percent relative abundances observed for eight different isoforms of the
tryptic peptide containing residues 9–17 of histone H3. The amino acid
sequence for residues 9–17 is shown below the graph with K9 and K14
labeled. The eight isoforms include the unmodified sequence plus peptides
containing mono-, di- and tri-methylated K9, acetyl-K14, acetyl-K9 plus
acetyl-K14, dimethyl-K9 plus acetyl-K14 and monomethyl-K9 plus acetyl-
K14. Percent relative abundance data was generated by mass spectrometry
and is calculated by dividing the ion current (peak area) observed for each
peptide by the total ion current (peak areas) for all fragments containing
residues 9–17. *Peptide isoforms containing a single site of acetylation at
K14 or K9 could not be separated by HPLC and co-eluted into the mass
spectrometer. Analysis of the MS/MS spectra recorded on the mixture
indicated that the two peptides were present in the following ratio; AcK14/
AcK9 = 9/1. (B) Dot blots determining specificity of a-AcK9 antibodies using
AcK9 peptide (1–12), AcK14 peptide (8–19), and Ler nuclear extract using
either AcK9 or AcK14 peptide as a competitor. (C) Western blot of Ler nuclear
extract probed with either a-AcK9 antibodies or a-AcK9 antibodies
preincubated with AcK9 peptide competitor.

Figure 3. Analysis of peptide isoforms containing residues 18–26 of histone
H3. Percent relative ion abundances observed for five different isoforms of the
tryptic peptide containing residues 18–26, KQLATKAAR. Low ion abundance
for the monomethylated peptide isoform made it impossible to assign the site of
modification as either 1MK18 or 1MK23.
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K36 (6% 1MK36, 15% 2MK36, 3% 3MK36). In addition,
15% of the peptide isoforms had two modifications, 2MK27
& 1MK36 (see Figure 4B).

Di- and tri-methylation of K9 is reduced
in the kyp mutant

K9 methylation has been shown to be catalyzed by the KYP
histone methyltransferase in vitro and mutations in KYP result
in a decrease 2MK9 in vivo (26,29). However, quantitation of
the changes observed in vivo was not possible in these studies.
To compare post-translational modifications on histone H3
proteins isolated from wild-type and kyp mutant plants, we
digested propionylated fragments containing residues 1–50 and
then tagged the resulting peptides from each source with

different isotopic labels (Figure 5A). H3 peptides from the kyp
mutant were converted to d5-ethyl esters and those from Ler
(wild-type) were converted to d0-ethyl esters. A mixture con-
taining equal quantities of the above two samples was analyzed

Figure 4. Analysis of peptide isoforms containing residues 27–40 of histone
H3.1 and H3.2. Percent relative ion abundances observed for nine peptide
isoforms of the tryptic peptide containing residues 27–40, (A)
KSAPATGGVKKPHR from histone H3.1 and (B) KSAPTTGGVKKPHR
from histone H3.2.

Figure 5. Comparative analysis H3 peptide isoforms (residues 9–17) derived
from wild-type (Ler) and mutant (kyp) Arabidopsis tissues. (A) Diagram of the
method employed to derivatize and isotopically label peptides isolated from the
above two sources. H3 peptides from the kyp mutant were converted to d5-ethyl
esters and those from Ler (wild-type) were converted to d0-ethyl esters. A
mixture containing equal amounts of these two samples was analyzed by
mass spectrometry. (B) Total ion chromatogram and individual mass spectra
that highlight the ion abundances observed for the 2MK9 and 41–50 peptides
isolated from the two plant tissues. Theoretical and experimentally measured
masses for the doubly charged 2MK9 and 41–50 peptides obtained from the Ler
sample are also shown. (C) Plot of ion abundance ratios (kyp/Ler) observed for
peptide isoforms containing residues 9–17.
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nano-flow HPLC interfaced to a linear-trap-Fourier transform
mass spectrometer. By converting H3 fragments derived from
Ler and kyp to d0- and d5-ethyl esters, respectively, signals for
peptides containing identical post-translational modifications
appear as doublets in the resulting mass spectra (Figure 5B).
Since we have yet to detect a post-translational modification
on the peptide containing residues 41–50, the ratio of
ion abundances observed for d0- and d5-ethyl esters of this
fragment (kyp/Ler = 0.97) was used to normalize the ratio of
ion abundances for all other fragments.

Plotted in Figure 5C is the ratio of ion abundances (kyp/Ler)
observed for peptide isoforms containing residues 9–17 of
histone H3. Ratios of unmodified and 1MK9 peptide isoforms
were the same in the two samples. Levels for the 2MK9, 3MK9
and 2MK9 & AcK14 peptide isoforms were found to be
reduced in the kyp sample by factors of 4, 3 and 3, respectively.
Note, that the percent relative abundance of the 3MK9 isoform
is considerably lower than the other methylated 9–17 peptides
(Figure 2A). These results confirm our analysis of kyp H3
isoforms using antibodies (28). Evidence for the presence
of peptides containing additional nearby modifications
(phosphorylation of S10) that would block antibody access
to the K9 methylated peptides was not observed.

DISCUSSION

The combination of different post-translational modifications
on histones plays an important role in regulating chromatin
activity and providing epigenetic marks that are carried
through cellular generations (13,22). Many of these modifica-
tions have been analyzed using highly specific antibodies in
chromatin immunoprecipitations, immunofluorescence or
western blot analyses. Although the sensitivity of these tech-
niques is high, it can be difficult to interpret the data without
prior knowledge of the overall levels and presence of specific
modifications. In addition, certain combinations of modifica-
tions may interfere with antibody detection, and cross-
reactivity with non-histone proteins can complicate the results.
Mass spectrometry is being used increasingly to determine the
exact sites of modifications as well as the abundance of
different species (38). We provide here the first description
of modifications found on the Arabidopsis histone H3
N-terminus as determined by mass spectrometry. This analysis
allows the determination of sites and types of modifications,
their relative abundance, and specific combinations of mod-
ifications found on individual fragments.

Overall, we found that the major sites of methylation were
K4, K9, K27 and K36, with minor levels detected at K18 and
K23. Major sites of acetylation were K14 and K18, with minor
sites detected at K23 and K9. No acetylation was observed at
K27 or K36, and no methylation was detected at K14. No
phosphorylation was detected at S10 or S28, though it is pos-
sible that phosphorylated serine residues suffered hydrolysis
during the isolation protocol despite the use of inhibitors or
were present only transiently and in amounts too low to detect
by mass spectrometry. Arginine methylation was not analyzed
in the present experiments.

The only other plant species that has been analyzed using a
method that does not rely on antibodies is Alfalfa (Medicago
sativa), where the two histone variants were separated by

RP-HPLC and analyzed by Edman degradation (34). Consistent
with our observations, only low levels of acetylation at K9 were
detected whereas acetylation at K14 was abundant. In addition,
a clear increase in the levels of silencing modifications (MK9
and MK27) and a decrease in the levels of active modifications
(MK4, AcK14, AcK18 and AcK23) were observed on H3.1
compared to H3.2. This difference in the levels of specific mod-
ifications between histone variants has also been observed
recently in Drosophila (39) and lends support to the model
that the replication-independent variant H3 is enriched in act-
ively transcribed regions of the genome (5,34,40).

Interestingly, we found that on a single histone H3
N-terminus some modifications were rarely found together
and others were commonly found together. Of particular sig-
nificance was the observation that amino acids 9–17 could be
modified by either methylation at K9 or acetylation at K14, but
only in 3% of the H3 proteins did we find both methylation at
K9 and acetylation at K14. Several models come to mind to
explain these results. One simple model is that the histones are
found in different compartments, euchromatic versus hetero-
chromatic, and that differential targeting of modifying
enzymes can account for this seeming exclusivity. Alterna-
tively, preexisting modifications may affect the ability of a
modifying enzyme to bind to the histone tail. In vitro studies of
SUV39H1 showed little difference between K9 methylation of
an unmodified peptide versus a peptide acetylated at K14 (41),
however mutation of the K14 deacetylase clr3 in S.pombe has
been shown to result in a decrease in methylation of K9 as well
as a loss of silencing (42). In Arabidopsis, mutations in two
different histone deacetylases have recently been identified
that implicate deacetylation in gene silencing, however the
specificities of these enzymes have not yet been determined
(36,43–45).

Alternatively, the K14 acetyltransferase may be affected by
prior methylation at K9. GCN5 has been identified as the major
acetyltransferase specific for K14 in other systems (46–48).
Structure analysis has revealed that contacts between GCN5
and histone H3 occur over a 12 amino acid stretch including
K9 (from Arg-8 to Gln-19) (49). Although it has not been deter-
mined ifmethylationofK9directly interferes with acetylationat
K14, there is a substantial amount of evidence supporting a less
direct model for how K9 and K14 can influence one another. It
has previously been shown that phosphorylation at S10
enhances acetylation of K14 by reducing the Km of the phos-
phorylated substrate (50,51). Structural studies indicate an
increased interaction between the phosphorylated histone H3
and the GCN5 acetyltransferase (49). In addition, phosphoryla-
tion at S10 has also been shown to inhibit methylation at K9 by
SUV39H1 in vitro (41). This suggests a model whereby
phosphorylation of S10 increases acetylation at K14, and
inhibits methylation at K9 leading to the opposed marks on H3
N-termini, one primed for silencing and the other for activation
(16). Furthermore, Agalioti and colleagues have shown that
acetylation of K14 correlates with recruitment of TFIID and
that mutation of either K9, S10 or K14 prevented this recruit-
ment (52). In a similar manner, the opposed marks could be set
up through methylation at K4. SUV39H1 has been shown in
vitro tobe inhibited by prior methylationat K4 andacetylation at
K14 has been shown to be stimulated (53).

Unlike our results, or those obtained in Alfalfa, recent mass
spectrometry analysis of H3 in Hela cells indicate that in this
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system acetylation at K14 and trimethylation at Lys-9 are not
mutually exclusive (54). As trimethylation of Lys-9 is almost
undetectable in Arabidopsis, it is clear that variation between
plants and animals has evolved with regards to the combina-
tions of histone modifications contributing to gene regulation.

In contrast to this dichotomy observed between K9 and
K14, we found that MK27 and MK36 coexist on the same
H3 N-terminus (Figure 4). Methylation of K27 has been shown
to be associated with gene silencing in many systems (55–57),
and we report here that methylation at K27 is approximately
twice as abundant in H3.1 than H3.2 (Figure 4). Although
methylation at K36 has been reported to cause repression
when tethered near a promoter (17), it has recently been
found associated with the phosphorylated CTD of Pol II sug-
gesting a role in transcription elongation (18). Our analysis of
Arabidopsis histone H3 variants shows clear association be-
tween K36 methylation and the replication-independent his-
tone H3.2. No mono- or dimethylation at K36 was detected
on H3.1, while H3.2 had 6% 1MK36, 15% 2MK36 and 3%
3MK36. This association with the replacement histone sup-
ports a role for methylation at K36 in actively transcribed
regions. Surprisingly, 15% of the peptides from H3.2 were
modified with both 2MK27 and 1MK36. Although these marks
may represent opposite signals when found alone, it is not
clear what the combination of marks signify. It is clear how-
ever, that these marks do not exclude one another.

We have recently shown that both 1MK27 and 2MK27 are
enriched in heterochromatin in Arabidopsis using immuno-
fluorescence and chromatin immunoprecipitations (20), con-
sistent with our findings here that these modifications are more
abundant on H3.1 than H3.2. However, the high abundance of
1MK27 suggests that it may also be found in euchromatin,
where its role is unknown.

Finally, using differential labeling of Ler and kyp histones,
we were able to confirm our earlier analysis of kyp mutants and
show that the major changes in histone modifications were at
K9. Both 2MK9 and 3MK9 decrease, but no change in
1MK9 was observed. The observation that there
is 1MK9 and some remaining 2MK9 present even in the ab-
sence of KRYPTONITE suggest other Su(var)3-9 homologs
must be active in Arabidopsis. We have recently shown that
SUVH6 has K9 methyltransferase activity in vitro (29). As
silencing is lost even when SUVH6 is present in kyp strains,
the levels and targeting of this enzyme needs to be investigated
further. Additionally, the role of monomethylation at K9 is still
in question since high levels remain in kyp strains.

ACKNOWLEDGEMENTS

We thank Simon Chan and Anders Lindroth for critically read-
ing this manuscript. This work was supported in part by
Beckman Young Investigator Award (S.E.J.) and NIH grant
GM37537 (D.F.H.).

REFERENCES

1. Luger,K., Mader,A.W., Richmond,R.K., Sargent,D.F. and
Richmond,T.J. (1997) Crystal structure of the nucleosome core particle at
2.8 s resolution. Nature, 389, 251–260.

2. Tagami,H., Ray-Gallet,D., Almouzni,G. and Nakatani,Y. (2004) Histone
H3.1 and H3.3 complexes mediate nucleosome assembly pathways
dependent or independent of DNA synthesis. Cell, 116, 51–61.

3. Tyler,J.K., Adams,C.R., Chen,S.R., Kobayashi,R., Kamakaka,R.T. and
Kadonaga,J.T. (1999) The RCAF complex mediates chromatin assembly
during DNA replication and repair. Nature, 402, 555–560.

4. Ray-Gallet,D., Quivy,J.P., Scamps,C., Martini,E.M., Lipinski,M. and
Almouzni,G. (2002) HIRA is critical for a nucleosome assembly pathway
independent of DNA synthesis. Mol. Cell, 9, 1091–1100.

5. Ahmad,K. and Henikoff,S. (2002) The histone variant H3.3 marks active
chromatin by replication-independent nucleosome assembly. Mol. Cell,
9, 1191–1200.

6. Gilbert,N. and Allan,J. (2001) Distinctive higher-order chromatin
structure at mammalian centromeres. Proc. Natl Acad. Sci. USA, 98,
11949–11954.

7. Fernandez-Capetillo,O., Mahadevaiah,S.K., Celeste,A.,
Romanienko,P.J., Camerini-Otero,R.D., Bonner,W.M., Manova,K.,
Burgoyne,P. and Nussenzweig,A. (2003) H2AX is required for chromatin
remodeling and inactivation of sex chromosomes in male mouse meiosis.
Dev. Cell, 4, 497–508.

8. Malik,H.S. and Henikoff,S. (2003) Phylogenomics of the nucleosome.
Nature Struct. Biol., 10, 882–891.

9. Zegerman,P., Canas,B., Pappin,D. and Kouzarides,T. (2002) Histone H3
lysine 4 methylation disrupts binding of nucleosome remodeling and
deacetylase (NuRD) repressor complex. J. Biol. Chem., 277,
11621–11624.

10. Corona,D.F., Clapier,C.R., Becker,P.B. and Tamkun,J.W. (2002)
Modulation of ISWI function by site-specific histone acetylation. EMBO
Rep., 3, 242–247.

11. Jenuwein,T. and Allis,C.D. (2001) Translating the histone code. Science,
293, 1074–1080.

12. Turner,B.M. (2002) Cellular memory and the histone code. Cell, 111,
285–291.

13. Berger,S.L. (2002) Histone modifications in transcriptional regulation.
Curr. Opin. Genet. Dev., 12, 142–148.

14. Strahl,B.D. and Allis,C.D. (2000) The language of covalent histone
modifications. Nature, 403, 41–45.

15. Lachner,M., O’Sullivan,R.J. and Jenuwein,T. (2003) An epigenetic
road map for histone lysine methylation. J. Cell Sci., 116,
2117–2124.

16. Fischle,W., Wang,Y. and Allis,C.D. (2003) Histone and chromatin
cross-talk. Curr. Opin. Cell Biol., 15, 172–183.

17. Strahl,B.D., Grant,P.A., Briggs,S.D., Sun,Z.W., Bone,J.R.,
Caldwell,J.A., Mollah,S., Cook,R.G., Shabanowitz,J., Hunt,D.F. and
Allis,C.D. (2002) Set2 is a nucleosomal histone H3-selective
methyltransferase that mediates transcriptional repression. Mol. Cell.
Biol., 22, 1298–1306.

18. Li,B., Howe,L., Anderson,S., Yates,J.R.,III and Workman,J.L. (2003)
The Set2 histone methyltransferase functions through the phosphorylated
carboxyl-terminal domain of RNA polymerase II. J. Biol. Chem., 278,
8897–8903.

19. Beisel,C., Imhof,A., Greene,J., Kremmer,E. and Sauer,F. (2002) Histone
methylation by the Drosophila epigenetic transcriptional regulator Ash1.
Nature, 419, 857–862.

20. Lindroth,A.M., Shultis,D., Jasencakova,Z., Fuchs,J., Johnson,L.,
Schubert,E., Patnaik,D., Pradhan,S., Goodrich,J., Schubert,I.,
Jenuwein,T., Khorasanizadeh,S. and Jacobsen,S.E. (2004) Dual histone
H3 methylation marks at lysines 9 and 27 required for interaction with
CHROMOMETHYLASE3. EMBO J., 23, 4286–4296.

21. Dutnall,R.N. (2003) Cracking the histone code: one, two, three methyls,
you’re out! Mol. Cell, 12, 3–4.

22. Wang,Y., Fischle,W., Cheung,W., Jacobs,S., Khorasanizadeh,S. and
Allis,C.D. (2004) Beyond the double helix: writing and reading the
histone code. Novartis Found. Symp., 259, 3–17; discussion 17–21,
163–169.

23. Waterborg,J.H. (1992) Existence of two histone H3 variants in
dicotyledonous plants and correlation between their acetylation and plant
genome size. Plant Mol. Biol., 18, 181–187.

24. Waterborg,J.H. and Robertson,A.J. (1996) Common features of
analogous replacement histone H3 genes in animals and plants. J. Mol.
Evol., 43, 194–206.

25. Grove,G.W. and Zweidler,A. (1984) Regulation of nucleosomal core
histone variant levels in differentiating murine erythroleukemia cells.
Biochemistry, 23, 4436–4443.

Nucleic Acids Research, 2004, Vol. 32, No. 22 6517



26. Jackson,J.P., Lindroth,A.M., Cao,X. and Jacobsen,S.E. (2002) Control of
CpNpG DNA methylation by the KRYPTONITE histone H3
methyltransferase. Nature, 416, 556–560.

27. Malagnac,F., Bartee,L. and Bender,J. (2002) An Arabidopsis SET
domain protein required for maintenance but not establishment of DNA
methylation. EMBO J., 21, 6842–6852.

28. Johnson,L., Cao,X. and Jacobsen,S. (2002) Interplay between two
epigenetic marks. DNA methylation and histone H3 lysine 9 methylation.
Curr. Biol., 12, 1360–1367.

29. Jackson,J.P., Johnson,L., Jasencakova,Z., Zhang,X., PerezBurgos,L.,
Singh,P.B., Cheng,X., Schubert,I., Jenuwein,T. and Jacobsen,S.E.
(2004) Dimethylation of histone H3 lysine 9 is a critical mark for DNA
methylation and gene silencing in Arabidopsis thaliana. Chromosoma,
112, 308–315.

30. Cao,X. and Jacobsen,S.E. (2002) Role of the arabidopsis DRM
methyltransferases in de novo DNA methylation and gene silencing.
Curr. Biol., 12, 1138–1144.

31. Waterborg,J.H., Winicov,I. and Harrington,R.E. (1987) Histone variants
and acetylated species from the alfalfa plant Medicago sativa. Arch.
Biochem. Biophys., 256, 167–178.

32. Syka,J.E., Marto,J.A.,Bai,D.L., Horning,S., Senko,M.W., Schwartz,J.C.,
Ueberheide,B., Garcia,B., Busby,S., Muratore,T., Shabanowitz,J. and
Hunt,D.F. (2004) Novel linear quadrupole ion trap/FT mass
spectrometer: performance characterization and use in the comparative
analysis of histone H3 post-translational modifications. J. Proteome Res.,
3, 621–626.

33. Houben,A., Demidov,D., Gernand,D., Meister,A., Leach,C.R. and
Schubert,I. (2003) Methylation of histone H3 in euchromatin of plant
chromosomes depends on basic nuclear DNA content. Plant J., 33,
967–973.

34. Waterborg,J.H. (1990) Sequence analysis of acetylation and
methylation in two histone H3 variants of alfalfa. J. Biol. Chem., 265,
17157–17161.

35. Bjerling,P., Silverstein,R.A., Thon,G., Caudy,A., Grewal,S. and
Ekwall,K. (2002) Functional divergence between histone deacetylases in
fission yeast by distinct cellular localization and in vivo specificity.
Mol. Cell. Biol., 22, 2170–2181.

36. Lawrence,R.J., Earley,K., Pontes,O., Silva,M., Chen,Z.J., Neves,N.,
Viegas,W. and Pikaard,C.S. (2004) A concerted DNA methylation/
histone methylation switch regulates rRNA gene dosage control and
nucleolar dominance. Mol. Cell, 13, 599–609.

37. Mathieu,O., Jasencakova,Z., Vaillant,I., Gendrel,A.V., Colot,V.,
Schubert,I. and Tourmente,S. (2003) Changes in 5S rDNA chromatin
organization and transcription during heterochromatin establishment in
Arabidopsis. Plant Cell, 15, 2929–2939.

38. Freitas,M.A., Sklenar,A.R. and Parthun,M.R. (2004) Application of mass
spectrometry to the identification and quantification of histone post-
translational modifications. J. Cell Biochem., 92, 691–700.

39. McKittrick,E., Gafken,P.R., Ahmad,K. and Henikoff,S. (2004) Histone
H3.3 is enriched in covalent modifications associated with active
chromatin. Proc. Natl Acad. Sci. USA, 101, 1525–1530.

40. Janicki,S.M., Tsukamoto,T., Salghetti,S.E., Tansey,W.P.,
Sachidanandam,R., Prasanth,K.V., Ried,T., Shav-Tal,Y., Bertrand,E.,
Singer,R.H. and Spector,D.L. (2004) From silencing to gene expression:
real-time analysis in single cells. Cell, 116, 683–698.

41. Rea,S., Eisenhaber,F., O’Carroll,D., Strahl,B.D., Sun,Z.W., Schmid,M.,
Opravil,S., Mechtler,K.,Ponting,C.P.,Allis,C.D. and Jenuwein,T. (2000)
Regulation of chromatin structure by site-specific histone H3
methyltransferases. Nature, 406, 593–599.

42. Nakayama,J., Rice,J.C., Strahl,B.D., Allis,C.D. and Grewal,S.I. (2001)
Role of histone H3 lysine 9 methylation in epigenetic control of
heterochromatin assembly. Science, 292, 110–113.

43. Aufsatz,W., Mette,M.F., van der Winden,J., Matzke,M. and Matzke,A.J.
(2002) HDA6, a putative histone deacetylase needed to enhance DNA
methylation induced by double-stranded RNA. EMBO J., 21, 6832–6841.

44. Murfett,J., Wang,X.J., Hagen,G. and Guilfoyle,T.J. (2001) Identification
of Arabidopsis histone deacetylase HDA6 mutants that affect
transgene expression. Plant Cell, 13, 1047–1061.

45. Probst,A.V., Fagard,M., Proux,F., Mourrain,P., Boutet,S., Earley,K.,
Lawrence,R.J., Pikaard,C.S., Murfett,J., Furner,I., Vaucheret,H. and
Scheid,O.M. (2004) Arabidopsis histone deacetylase HDA6 is required
for maintenance of transcriptional gene silencing and determines nuclear
organization of rDNA repeats. Plant Cell, 16, 1021–1034.

46. Grant,P.A., Duggan,L., Cote,J., Roberts,S.M., Brownell,J.E., Candau,R.,
Ohba,R., Owen-Hughes,T., Allis,C.D., Winston,F., Berger,S.L. and
Workman,J.L. (1997) Yeast Gcn5 functions in two multisubunit
complexes to acetylate nucleosomal histones: characterization of an Ada
complex and the SAGA (Spt/Ada) complex. Genes Dev., 11, 1640–1650.

47. Kuo,M.H., Brownell,J.E., Sobel,R.E., Ranalli,T.A., Cook,R.G.,
Edmondson,D.G., Roth,S.Y. and Allis,C.D. (1996) Transcription-linked
acetylation by Gcn5p of histones H3 and H4 at specific lysines.
Nature, 383, 269–272.

48. Wang,L., Liu,L. and Berger,S.L. (1998) Critical residues for histone
acetylation by Gcn5, functioning in Ada and SAGA complexes, are also
required for transcriptional function in vivo. Genes Dev., 12, 640–653.

49. Clements,A., Poux,A.N., Lo,W.S., Pillus,L., Berger,S.L. and
Marmorstein,R. (2003) Structural basis for histone and phosphohistone
binding by the GCN5 histone acetyltransferase. Mol. Cell, 12, 461–473.

50. Cheung,P., Tanner,K.G., Cheung,W.L.,Sassone-Corsi,P., Denu,J.M.and
Allis,C.D. (2000) Synergistic coupling of histone H3 phosphorylation
and acetylation in response to epidermal growth factor stimulation.
Mol. Cell, 5, 905–915.

51. Lo,W.S., Trievel,R.C., Rojas,J.R., Duggan,L., Hsu,J.Y., Allis,C.D.,
Marmorstein,R. and Berger,S.L. (2000) Phosphorylation of serine 10 in
histone H3 is functionally linked in vitro and in vivo to Gcn5-mediated
acetylation at lysine 14. Mol. Cell, 5, 917–926.

52. Agalioti,T., Chen,G. and Thanos,D. (2002) Deciphering the
transcriptional histone acetylation code for a human gene. Cell, 111,
381–392.

53. Wang,H., Cao,R., Xia,L., Erdjument-Bromage,H., Borchers,C.,
Tempst,P. and Zhang,Y. (2001) Purification and functional
characterization of a histone H3-lysine 4-specific methyltransferase.
Mol. Cell, 8, 1207–1217.

54. Zhang,K., Siino,J.S., Jones,P.R., Yau,P.M. and Bradbury,E.M. (2004)
A mass spectrometric ‘Western blot’ to evaluate the correlations
between histone methylation and histone acetylation. Proteomics, 4,
doi:10.1002/pmic.200400819.

55. Cao,R., Wang,L., Wang,H., Xia,L., Erdjument-Bromage,H., Tempst,P.,
Jones,R.S. and Zhang,Y. (2002) Role of histone H3 lysine 27 methylation
in Polycomb-group silencing. Science, 298, 1039–1043.

56. Okamoto,I., Otte,A.P., Allis,C.D., Reinberg,D. and Heard,E. (2004)
Epigenetic dynamics of imprinted X inactivation during early mouse
development. Science, 303, 644–649.

57. Peters,A.H., Kubicek,S., Mechtler,K., O’Sullivan,R.J., Derijck,A.A.,
Perez-Burgos,L., Kohlmaier,A., Opravil,S., Tachibana,M., Shinkai,Y.,
Martens,J.H. and Jenuwein,T. (2003) Partitioning and plasticity of
repressive histone methylationstates in mammalianchromatin. Mol. Cell,
12, 1577–1589.

6518 Nucleic Acids Research, 2004, Vol. 32, No. 22


