
In vitro specificities of Arabidopsis co-activator histone
acetyltransferases: implications for histone
hyperacetylation in gene activation

Keith W. Earley1,†, Molly S. Shook1,†, Brent Brower-Toland1, Leslie Hicks2 and Craig S. Pikaard1,*

1Biology Department, Washington University, 1 Brookings Drive, St Louis, MO 63130, USA, and
2Donald Danforth Plant Science Center, 975 North Warson Road, St Louis, MO 63132, USA

Received 17 May 2007; revised 28 June 2007; accepted 9 July 2007.
*For correspondence (fax 314 935 4432; e-mail pikaard@biology.wustl.edu).
†These authors contributed equally to this study.

Summary

In genetic hybrids displaying nucleolar dominance, acetylation of lysines 5, 8, 12 and 16 of histone H4 (H4K5,

H4K8, H4K12, H4K16) and acetylation of histone H3 on lysines 9 and 14 (H3K9, H3K14) occurs at the promoters

of active ribosomal RNA (rRNA) genes, whereas silenced rRNA genes are deacetylated. Likewise, histone

hyperacetylation correlates with the active state of transgenes and of endogenous plant genes involved in

physiological processes, including cold tolerance, light-responsiveness and flowering. To investigate histone

hyperacetylation dynamics we used sodium butyrate, a histone deacetylase inhibitor known to switch silent

rRNA genes on, in order to enrich the pool of acetylated histones. Mass spectrometric analyses revealed unique

mono- (K16Ac), di- (K12Ac, K16Ac), tri- (K8Ac, K12Ac, K16Ac), and tetra-acetylated (K5Ac, K8Ac, K12Ac, K16Ac)

histone H4 isoforms, suggesting that H4 hyperacetylation occurs in a processive fashion, beginning with lysine

16 and ending with lysine 5. Using a combination of molecular and mass spectrometric assays we then

determined the specificities of seven of the nine functional co-activator type histone acetyltransferases (HATs)

in Arabidopsis thaliana: specifically HATs of the CBP (HAC1, HAC5, HAC12), GNAT (HAG1, HAG2), and MYST

families (HAM1, HAM2). Specific HATs acetylate histone H4K5 (HAM1, HAM2), H4K12 (HAG2), and H3K14

(HAG1), suggesting that acetylation of these lysines may have special regulatory significance.

Other acetylation events, including histone H3K9 acetylation, are likely to result from the activities of the

broad-specificity HAC1, HAC5, and HAC12 histone acetyltransferases.

Keywords: chromatin modification, epigenetics, post-translational modification, histone code, gene expres-

sion, transcription.

Introduction

Nuclear DNA is packaged into nucleosomes as a first step in

chromatin assembly. Each nucleosome core particle is

composed of a histone octamer consisting of two molecules

each of the core histones H2A, H2B, H3, and H4, around

which approximately 146–147 bp of DNA is wrapped

(Kornberg and Lorch, 1999; Luger et al., 1997; Richmond and

Davey, 2003). Positioning of nucleosomes relative to regu-

latory DNA sequences is important for gene regulation, as

are histone post-translational modifications that include

acetylation, methylation, phosphorylation, ubiquitination,

sumoylation, and poly-ADP-ribosylation (Kouzarides, 2007;

Shilatifard, 2006).

Hyperacetylation of histone lysines has long been recog-

nized as a characteristic of actively transcribed genes,

whereas transcriptionally inert DNA is typically associated

with hypoacetylated histones (Hebbes et al., 1988; Richards

and Elgin, 2002; Sterner and Berger, 2000). Acetylation of

lysines within the amino-terminal histone tails is thought to

positively influence gene transcription by altering histone–

DNA interactions in order to make the DNA more accessible

to the transcription machinery (Hong et al., 1993; Kouzarides,

2007; Lee et al., 1993; Luger and Richmond, 1998; Shogren-

Knaak et al., 2006; Vettese-Dadey et al., 1996). Acetylated

histones can also recruit bromodomain-containing proteins,
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which assist in the co-activation of proximal promoters

(Hassan et al., 2002; Ladurner et al., 2003).

As in other eukaryotes, histone acetylation and deacety-

lation play important roles in the regulation of plant gene

expression (Fuchs et al., 2006; Loidl, 2004; Lusser et al.,

2001; Richards and Elgin, 2002). An early demonstration was

the responsiveness of rRNA genes to histone deacetylase

inhibitors in Arabidopsis and Brassica plants displaying

nucleolar dominance. Nucleolar dominance is an epigenetic

phenomenon in genetic hybrids, whereby one parental set

of ribosomal RNA (rRNA) genes is active and the other is

silenced (Neves et al., 2005; Pikaard, 2000; Preuss and

Pikaard, 2007). Treatment with the histone deacetylase

inhibitors sodium butyrate or trichostatin A was shown to

be sufficient to derepress (or activate) the silent set of rRNA

genes (Chen and Pikaard, 1997a; Lawrence et al., 2004), and

bring about the hyperacetylation of histones H3 and H4

associated with the rRNA gene promoter regions, as shown

by chromatin immunoprecipitation experiments (Earley

et al., 2006a; Lawrence et al., 2004). Knocking down specific

histone deacetylases (HDACs), including the trichostatin

A-sensitive HDAC, HDA6 (Earley et al., 2006a), or the plant-

specific putative HDAC, HDT1 (Lawrence et al., 2004), also

causes the hyperacetylation and derepression of silenced

rRNA genes. The fact that hyperacetylation occurs upon

HDAC inhibition suggests that a dynamic balance exists

between histone acetyltransferase and histone deacetylase

activities, thereby establishing a steady-state level of acet-

ylation that influences or reflects the gene expression status.

Histone acetyltransferases (HATs) are currently organized

into four families based on sequence homology and mode

of action: GNAT (Gcn5-related N-acetyltransferase), MYST

(MOZ, Ybt2, Sas2, Tip60-like), p300/CBP, and TAFII250 fam-

ilies (Sterner and Berger, 2000). The latter are subunits of the

general transcription factor TFIID, and are therefore compo-

nents of the minimal transcription machinery required for

pre-mRNA transcription by RNA polymerase II (Mizzen et al.,

1996). In contrast, the GNAT, MYST, and p300/CBP HATs are

co-activators implicated in enhancer-dependent or condi-

tional gene activation of adjacent promoters (Sterner and

Berger, 2000). Plants contain multiple predicted members

for all four families of HATs (Table 1; Pandey et al., 2002).

In Arabidopsis thaliana, numerous reports have linked

specific histone acetyltransferases to transcriptional regula-

tion. For instance, the GCN5 homolog HAG1 (also known as

atGCN5), plays a role in the regulation of numerous

processes, including cold tolerance, floral development,

embryonic cell-fate patterning, and light responsiveness

(Benhamed et al., 2006; Bertrand et al., 2003; Long et al.,

2006; Stockinger et al., 2001; Vlachonasios et al., 2003).

HAF2, one of two TAFII250 homologs in A. thaliana, is

necessary for upregulating the transcription of light-induced

genes (Benhamed et al., 2006; Bertrand et al., 2005). HAC1

(AthpCAT2), HAC5 (AthpCAT4), and HAC12 of the CBP family

have been shown to be involved in regulating flowering time

(Han et al., 2006). Functions for other predicted Arabidopsis

HATs have not yet been determined.

In the regulation of rRNA genes, which is of special

interest to our laboratory, chromatin immunoprecipitation

experiments have shown that histone H4 hyperacetylation

on lysines 5, 8, 12, and 16, and histone H3 acetylation on

lysines 9 and 14, are marks of the active subset of rRNA

genes (Earley et al., 2006a). Seeking biochemical insights

into these modifications, we present in vivo evidence that

histone H4 hyperacetylation occurs in a processive fashion,

beginning with lysine 16 and ending with lysine 5. Using

recombinant HAT proteins expressed in Escherichia coli as

well as epitope-tagged proteins expressed in transgenic

A. thaliana, in combination with molecular assays and mass

spectrometry, we provide enzymatic specificities for seven

of the nine expressed and putatively functional co-activator

type (i.e. non-TAFII250) A. thaliana HATs. Collectively, these

HATs comprise the GNAT, MYST, and CBP families. Our data

suggest that specific HATs acetylate histone H3K14, H4K5,

and H4K12, suggesting that these acetylation events may be

key regulatory checkpoints, whereas other acetylation

events, including acetylation of H3K9, H4K8, and H4K16,

are likely to result from the activities of broad-specificity

co-activator HATs.

Table 1 Comparison of Arabidopsis thaliana histone acetyltransfe-
rases with their closest homologues in Homo sapiens and Saccha-
romyces cerevisiae

Family
A. thaliana

protein
Homologous
protein Similarity % Identity %

GCN5-like HAG1 hsPCAF 29.1 20.2
scGCN5 43.0 33.7

HAG2 hsHAG509 27.0 16.6
scHAT1 33.8 21.0

HAG3 hsHAG510 79.6 71.7
scELP3 75.5 66.3

Myst-like HAM1 hsTIP60 45.1 33.5
scESA1 49.9 35.2

HAM2 hsTIP60 44.2 33.0
scESA1 49.9 35.2

CBP-like HAC1 hsCBP 19.1 12.9
HAC2 hsCBP 14.6 9.8
HAC4 hsCBP 11.3 8.5
HAC5 hsCBP 12.1 8.6
HAC12 hsCBP 17.6 12.2

TAFII250-like HAF1 hsTAFII250 27.5 16.0
scTAFII250 16.1 9.4

HAF2 hsTAFII250 24.9 14.9
scTAFII250 16.7 9.9

The percentage amino acid similarity and identity are shown for each
comparison. Sequence analyses indicate that HAC4 is an expressed
pseudogene in A. thaliana ecotype Col-0; the percentage similarities/
identities in this case ignore the frameshift caused by a single
nucleotide deletion in HAC4, in order to maximize the similarity to
hsCBP.
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Results

Evidence for processive histone H4 hyperacetylation in vivo

Brassica oleracea (broccoli) inflorescence is an excellent

source of rapidly dividing cells rich in nuclear proteins,

including histones. The amino acid sequences of B. olera-

cea histones H3 and H4 are 100% identical to A. thaliana

histones H3 and H4, reflecting the fact that these are clo-

sely related species within the Brassicaceae (Cruciferae),

and that histones are highly conserved proteins. Broccoli

histones are easily purified from a chromatin fraction that

becomes insoluble when a high-salt nuclear lysate is

diluted to a lower salt concentration (see Experimental

procedures). Following centrifugation, shearing and

hydroxylapatite chromatography, the highly purified core

histones resolve on Tris-glycine SDS-PAGE gels as six

protein bands (Figure 1a). Each of these bands was excised

and digested with trypsin, and resulting peptides were then

purified using reverse-phase chromatography and sub-

jected to matrix-assisted laser desorption ionization time-

of-flight (MALDI-TOF) mass analyses (Bonaldi et al., 2004).

In agreement with the studies of Waterborg and colleagues

using Medicago sativa (Waterborg et al., 1987), the Bras-

sica histones whose mobilities are similar to chicken

histone H3 and H4 were positively identified as histone H3

and H4 based on matches of at least four tryptic peptides

to the predicted Arabidopsis H3 and H4 mass spectra (data

not shown). The similar gel mobilities of plant and chicken

H3 and H4 are consistent with the high degree of sequence

conservation in these proteins throughout eukaryotes.

Histones H2A and H2B are less similar between plants and

chicken, which is reflected in their different gel mobilities.

Multiple isoforms of Brassica H2A and H2B account for the

multiple Coomassie blue-stained polypeptide bands in

Figure 1(a). Although the gel mobilities of H2A and H2B

isoforms overlap, precluding unambiguous identifications

of excised bands by MALDI-TOF analyses, H2B and H2A

peptides were positively identified among these bands by

ESI-MS-MS (data not shown).

Previous experiments showed that the histone deacety-

lase inhibitors sodium butyrate and trichostatin A cause

the derepression of silenced rRNA genes subjected to

nucleolar dominance (Chen and Pikaard, 1997b; Lawrence

(a) (b)

(c)

(e)

(d)

Figure 1. Evidence for processive hyperacetylation of histone H4.

(a) Purified Brassica oleracea and chicken core histones resolved on a Tris-glycine SDS-PAGE gel. Identities of B. oleracea histones based on mass spectrometry are

shown.

(b) Coomassie-blue stained histone H4 isoforms purified from B. oleracea inflorescence tissue incubated for 36 h in nutrient medium with (+) or without ()) 10 mM

sodium butyrate. Proteins were resolved by triton-acetic acid-urea (TAU) gel electrophoresis. Non-acetylated H4 is designated Ac0, whereas Ac1, Ac2, Ac3, and Ac4

denote putative mono-, di-, tri-, and tetra-acetyled isoforms, respectively. An unidentified, possibly penta-acetylated isoform is denoted by an asterisk.

(c) Summary of MALDI-TOF analyses of the isoforms showing the novel m/z (mass/charge) peaks (530.3, 928.1, 1212.4, or 1438.8) detected in the mass spectra

obtained for each band. Filled circles denote major mass peaks present in the spectrum, whereas unfilled circles denote mass peaks detected in trace quantities.

(d) Peptides resulting from tryptic digestion of unmodified or acetylated histone H4 N-terminal tails (the first 23 amino acids are shown). Trypsin cleaves following

lysine or arginine residues. Underlined sequences represent peptides that correspond to the m/z peaks illustrated in (c). Acetylated lysines are denoted by the letter

‘A’ above the sequences.

(e) Model summarizing the order of the processive acetylation events deduced from the mass spectrometry data.

Specificities of Arabidopsis HATs 3
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et al., 2004). To investigate the biochemical consequences

of histone deacetylase inhibition on histone acetylation, we

incubated B. oleracea inflorescence tissue in liquid growth

medium containing sodium butyrate, purified histones

from butyrate-treated and untreated inflorescence tissue

and subjected the histones to electrophoresis on triton-

acetic acid-urea (TAU) gels. On TAU gels, H4 isoforms

resolve as a ladder of bands of decreasing mobility

extending upward from the bulk, non-acetylated isoform

(Figure 1b). The abundance of these isoforms was inc-

reased in butyrate-treated samples. Six putative isoforms

of H4 were observed on TAU gels of butyrate-treated

samples. Because the TAU gel system separates proteins

by a combination of mass and charge, and each acetyl

group masks one positive charge, we expected the bands

(from highest to lowest mobility) to represent non- (labeled

Ac0), mono- (Ac1), di- (Ac2), tri- (Ac3), tetra- (Ac4), and

possibly penta-acetyled (*) isoforms of H4 (Figure 1b,c).

Each of these bands was excised and subjected to trypsin

digestion and MALDI-TOF analysis. Although mono-acety-

lation could, in principle, occur on any of numerous

lysines, the H4 isoform band labeled Ac1 in Figure 1(b,c)

yielded a tryptic digest mass spectrum that indicated

acetylation of K16 exclusively. The basis for this identifica-

tion is that acetylation of K16 prevents trypsin from

cleaving at this lysine, resulting in a new fragment of m/z

(mass/charge) 530.3 that corresponds to amino acids G13

through R17, and that also includes the mass of a single

acetyl group (Figure 1d). Likewise, the predicted di-acety-

lated (Ac2) H4 isoform yielded a tryptic fragment of m/z

928.1 that corresponds to the peptide acetylated at amino

acids K16 and K12. A small quantity of acetylated K16

fragment (m/z 530.3) was detected in the Ac2 band MALDI-

TOF spectrum, probably resulting from the limitations of

resolving the mono- and di-acetylated isoforms by SDS-

PAGE (Figure 1c). The predicted tri-acetylated (Ac3) H4

isoform yielded a tryptic fragment with m/z 1212.4 result-

ing from acetylation at lysines 16, 12, and 8. Traces of

di- and tetra-acetylated fragments, most likely derived from

the neighboring gel bands, were also detected in the Ac3

band (Figure 1c,d). The putative tetra- and penta-acetylated

species both yielded a major mass peak of m/z 1438.8

corresponding to a peptide acetylated on K16, K12, K8, and

K5 (Figure 1d). Collectively, these data indicate that H4

hyperacetylation occurs in a processive fashion (Figure 1e)

in the order K16 fi K12 fi K8 fi K5. As a result of

trypsin digestion at arginines 17 and 19, which intervene

between K20 and the preceding lysines, it was not possible

to obtain a tryptic fragment that had K20 in combination

with any other H4 tail lysine, which might have allowed us

to determine if the presumptive penta-acetylated isoform

(indicated by an asterisk in Figure 1b,c) exists and is

acetylated (or otherwise modified) at lysine 20 or another

lysine of H4 (Figure 1d).

Specificities of recombinant HATs

In an attempt to identify HATs responsible for specific

lysine modifications, we undertook a systematic biochem-

ical analysis of the A. thaliana co-activator type HATs. As

discussed previously, these include three predicted GNAT

family members (HAG1/atGCN5, HAG2, HAG3), two MYST

family members (HAM1, HAM2), and five CPB family

members (HAC1/AthpCAT2, HAC2/AthpCAT1, HAC4/Athp-

CAT2, HAC5/AthpCAT4, HAC12). Each of these proteins is

similar to a histone acetyltransferase of Saccharomyces

cerevisiae and/or Homo sapiens, as shown in Table 1

(Pandey et al., 2002). When HAC4 sequences were PCR

amplified from A. thaliana cDNA (ecotype Col-0), cloned

and expressed in E. coli, the resulting protein was consid-

erably smaller than expected (data not shown). Further

analysis of BAC clone F14J16 (Genbank accession

AC002304; gi: 7798719) and of additional cDNA clones

obtained by RT-PCR amplification confirmed that there is a

single nucleotide deletion in both the HAC4 genomic and

cDNA sequences relative to its homologs. The resulting

frameshift within the open reading frame (ORF) causes a

stop codon to occur within the predicted acetyltransferase

catalytic domain. We conclude that HAC4 is most likely to

be an expressed pseudogene that lacks HAT function, such

that the Col-0 ecotype of A. thaliana has only nine poten-

tially functional non-TAFII250 HATs, rather than the 10

predicted based on bioinformatic analyses. The HAC2 HAT

domain was previously expressed and shown to lack HAT

activity (Bordoli et al., 2001); therefore, HAC2 was excluded

from further study.

To study the biochemical specificities of the remaining

HAG, HAM, or HAC family members we expressed the

proteins in E. coli. Full-length 6xHis-tagged HAG1, HAG2,

HAM1, and HAM2, and GST-tagged HAC1, HAC5, and HAC12

HAT domain polypeptides were expressed as soluble pro-

teins that were then partially purified using nickel or

glutathione affinity resins, respectively (Figure 2a). We were

unable to express HAG3 as a soluble protein; instead the

recombinant protein was invariably found in the insoluble

fractions of cell-free extracts of E. coli grown at normal

(37�C) or low (16�C) temperatures. Therefore, HAG3 was not

characterized further.

Histone substrates for the various histone acetyltransfe-

rases were determined by incubating recombinant HATs

with B. oleracea histones and 3H-labeled acetyl-CoA. Fol-

lowing SDS-PAGE, acetylated histones were visualized by

fluorography. HAG1 was found to acetylate primarily his-

tone H3, with only trace levels of acetylated H4 or H2A/B

detected (Figure 2b). HAG2 showed specificity for H4.

HAM1, and HAM2 primarily acetylate histone H4, but also

display some ability to acetylate H3. HAC1, HAC5, and

HAC12 preferentially acetylate histone H3, but also acetylate

histone H4 to a lesser extent (Figure 2b).

4 Keith W. Earley et al.
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To determine the specific lysine residues on histones H3

and histone H4, that are acetylated by the various HATs, the

recombinant enzymes were incubated with histone H3 and

histone H4 peptides that had been pre-acetylated on specific

lysines using non-radioactive acetyl groups (Earley et al.,

2006a). The logic behind the assay is that if a given HAT

acetylates a single lysine, prior non-radioactive acetylation

of that lysine will block its subsequent radioactive acetyla-

tion (see Figure 3a). As can be seen in Figure 3(b), HAG1

acetylates the H3 peptide but does not acetylate H4 peptides

significantly, in agreement with the histone H3 specificity

observed using full-length purified histones (see Figure 2b).

Non-acetylated H3 peptide or an H3 peptide that had been

previously acetylated on K9 both serve as excellent sub-

strates for HAG1-catalyzed acetylation. However, prior acet-

ylation of H3 lysine 14 blocks radioactive acetylation of the

peptide by HAG1 (Figure 3b). Likewise, prior acetylation of

lysine 12 of histone H4 reduces radioactive acetylation by

HAG2, and prior acetylation of lysine 5 on histone H4

reduces radioactive acetylation by either HAM1 or HAM2

(Figure 3b). These results suggest that HAG1 is specific for

histone H3 lysine 14, HAG2 acetylates histone H4 lysine 12,

and HAM1 and HAM2 both acetylate histone H4 lysine 5. No

single prior lysine acetylation is sufficient to block HAC1,

HAC5, or HAC12 acetylation of the H3 or H4 peptides,

suggesting that HAC1, HAC5, and HAC12 can acetylate any

of several lysines present in the peptides. Di-acetylation of

both lysines 9 and 14 on the H3 peptide significantly reduces

the level of incorporated radioactive acetylation catalyzed by

HAC5, indicating that HAC5 may acetylate either lysine 9 or

lysine 14. Prior di-acetylation of H3K9 and H3K14 also

reduces somewhat the labeling of the peptide by HAC1

and HAC12, but these latter proteins continue to label the

Coomassie

Coomassie

(a)

(b)

Fluorogram

E. coli- expressed HAT substrate specificities

A. thaliana HATs expressed in E. coli

HAG1 HAG2 HAM1 HAM2 HAC1 HAC12 HAC5

HAG1
GCN5-like MYST-like CBP/p300-like

*
* * *

* * *
HAG2 HAM1 HAM2 HAC1 HAC12 HAC5

H2A/B
H3

H4

H2A/B
H3

H4

Figure 2. Histone acetyltransferase activities of recombinant Arabidopsis

thaliana histone acetyltransferases (HATs).

(a) Coomassie-blue stained gel of recombinant His-tagged HAG1, HAG2,

HAM1, or HAM2 full-length proteins or GST-tagged HAC1, HAC12, and HAC5

catalytic regions expressed in Escherichia coli and affinity purified using

either nickel-agarose (HAG and HAM proteins) or glutathione-agarose (HAC

proteins).

(b) Histone acetyltransferase activities of recombinant HAG1, HAG2, HAM1,

HAM2, HAC1, HAC12, and HAC5 incubated with Brassica oleracea histones

and 3H-acetyl-CoA. Histones were resolved by SDS-PAGE, coomassie stained

and photographed prior to subjecting the gel to fluorography using X-ray film

to detect labeled histones.

(a)

(b)

Figure 3. Specificity of recombinant Arabidopsis thaliana histone acety-

ltransferases (HATs) using a pre-acetylated peptide assay.

(a) Diagram illustrating the logic of the assay. Pre-acetylation of a specific

lysine blocks subsequent radioactive acetylation (Ac*) at that lysine. For

instance, acetylation at lysine 5 of an H4 peptide would not be expected to

block acetylation of lysine 12 by a HAT specific for H4K12, resulting in a

radioactive peptide (upper scenario). However, pre-acetylation of H4 lysine 12

would block this HAT from labeling the peptide (lower scenario).

(b) HAT activity for HAG1, HAG2, HAM1, HAM2, HAC1, HAC5, and HAC12

using unmodified (–) H4 or H3 peptides, H4 peptides pre-acetylated on K5, K8,

K12 or K16, or histone H3 peptides pre-acetylated on K9, K14 or on both K9

and K14 (di-acetylated; di). The deduced specificities of the HATs are listed to

the right.

Specificities of Arabidopsis HATs 5
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di-acetylated peptide, presumably by acetylating lysines 4

and/or 18 (Figure 3b).

To test whether the specificities inferred from the

acetylated-lysine blocking assay could be confirmed by

an independent method, unmodified histone H3 and H4

peptides were incubated with recombinant HATs and non-

radioactive acetyl-CoA, and then analyzed by mass spec-

trometry using ESI-MS-MS. Briefly, ions corresponding to

acetylated H3 or H4 peptides were fragmented and the

masses of the resulting b and y ions were determined, with

b ions corresponding to fragments extending from the

N-terminus, and y ions corresponding to fragments extend-

ing from the C-terminus (Figure 4a). The masses detected

for HAG1-, HAG2-, HAM1-, and HAM2-acetylated peptides

were then compared with the fragmentation patterns

predicted for peptides acetylated at various lysines. For

HAM2 the masses of b and y ions revealed that histone H4

lysine 5 was acetylated (Figure 4a). Using the same

approach, we confirmed that HAG1 acetylates H3 lysine

14, HAG2 acetylates lysine 12 of histone H4, and HAM1, like

HAM2, acetylates lysine 5 of histone H4 (Figure 4b). These

ESI-MS-MS results confirm the conclusions based on the

acetylated-lysine blocking assay (see Figure 3b). It is note-

worthy that low abundance ions corresponding to acetyla-

tion of H3 lysine 4, H4 lysine 5, and H4 lysine 12 could be

detected for HAG1, HAG2, and HAM2, respectively, sug-

gesting infrequent acetylation at these sites in addition to

the major sites of acetylation shown in Figure 4. For the

CBP family of HATs (HAC1, HAC5, HAC12), the ESI-MS-MS

analyses revealed ions consistent with the hypothesis that

the majority of the lysines in the peptide had been

acetylated, confirming that these are broad-specificity

HATs (data not shown).

Specificities of recombinant HATs expressed

in transgenic plants

It is possible that post-translational modifications of the

HAT proteins, or associations of the HATs with other pro-

teins that regulate their activities, might occur in plants but

not in E. coli, thereby affecting the specificities of the en-

zymes. Therefore, we engineered the HAT proteins found

to acetylate specific lysines so that they would include

FLAG epitope tags, and then expressed the proteins in

transgenic A. thaliana. Epitope-tagged HAG1, HAG2,

HAM1, and HAM2 were then affinity captured from crude

extracts in a single step using anti-FLAG antibodies con-

jugated to agarose beads (Figure 5a). Presumably, other

proteins that stably associate with the HATs would remain

associated with the HATs following extensive washing of

the beads. As a control, proteins from crude extracts of

non-transgenic (wild-type) plants were also fractionated

using the anti-FLAG resin. The HAT activities of the affin-

ity captured fractions from transgenic and wild-type

(non-transgenic) plants were then tested (Figure 5b). A

background level of histone H3 and H2A/H2B labeling was

observed in all reactions caused by HAT activity associated

with the agarose beads that had been incubated with

proteins from either non-transgenic (wild-type) or trans-

genic HAT-expressing lines. However, additional labeling

of histone H3 was clearly detectable using affinity captured

HAG1, and acetylation of H4 was catalyzed by affinity

captured HAG2, which matches the specificities previously

(a)

(b)

Figure 4. Specificity of recombinant Arabidopsis thaliana histone acety-

ltransferases (HATs) determined using ESI-MS-MS.

(a) Identification of the HAM2-acetylated lysine within the H4 peptide using

ESI-Q-TOF mass spectrometry. (i) ESI-Q-TOF mass spectrum (m/z 350–700) of

the H4-HAM2 acetylation reaction. The inset (m/z 490–515) highlights the 4+

charge state of the H4 peptide chosen for subsequent fragmentation, showing

m/z peaks corresponding to both the unmodified and acetylated species. (ii)

MS-MS spectrum for the acetylated, 4+ charged ion (m/z 503.3). (iii) Graphical

fragment map relating the identified b and y ions to the sequence of the

peptide. The acetylated lysine (K5), confirmed by the masses of multiple b and

y ions, is indicated.

(b) Graphical fragment maps for H3 peptide acetylated by HAG1, H4 peptide

acetylated by HAG2, and H4 peptide acetylated by HAM1. The acetylated

lysines are indicated.
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observed using recombinant HAG1 and HAG2 proteins

expressed in E. coli (compare with Figure 2b). Likewise,

HAM1 and HAM2 primarily acetylate histone H4, and

acetylate H3 to a lesser extent, regardless of whether the

proteins were expressed in Arabidopsis or E. coli (compare

Figure 5b with Figure 2b). We next tested the plant-

expressed HATs in the acetylated-lysine blocking assay.

Affinity captured HAG1, HAG2, HAM1, and HAM2

expressed in A. thaliana each displayed the same speci-

ficities that had been previously deduced for the bacterially

expressed versions of these HATs (Figure 5c). We conclude

that the specificities of the HATs are not appreciably

affected by post-translational modifications, or associations

with other proteins that occur in plants but would not occur

in bacteria.

Nuclear localization of HAT proteins

To localize the HATs that acetylate specific lysines, we fused

cDNA clones of HAM1, HAM2, HAG1, and HAG2 to yellow

fluorescent protein (YFP) and expressed the fusion proteins

in transgenic plants. Analysis of the localization patterns for

the HATs in whole-root sections counterstained with the

fluorescent DNA binding dye 4¢,6-diamidino-2-phenylindole

(DAPI) demonstrated an overlap between the YFP and DAPI

signals, indicating that the proteins localize primarily to the

nucleus, as expected (Figure 6, panels A, D, G, J, M, P, S, V).

At higher resolution, DAPI-stained individual nuclei display

intensively-stained chromocenters, in which highly con-

densed heterochromatic sequences coalesce, as well as a

prominent nucleolus that has relatively little DNA and

therefore appears as a large dark region in the DAPI-stained

nuclei. The nucleolus organizer regions (NORs) on chro-

mosomes 2 and 4, which correspond to the multi-megabase

rRNA gene clusters, typically associate with the chromo-

centers at the periphery of the nucleolus (Fransz et al., 2002;

Pontes et al., 2003, 2004). The YFP–HAT fusion proteins

localize primarily to the euchromatic regions of the nucleus,

such that the intensity of the fluorescence signal is typically

reduced at the chromocenters for all of the HATs analyzed

(Figure 6, panels B, C, H, I, N, O, T, U). The YFP–HAT fluo-

rescence is also typically reduced within the central portions

of the nucleolus. However, the HATs tend to be enriched at

the periphery of the nucleolus, and in the case of HAM1 and

HAM2 they overlap the chromocenters that include the

NORs. In some cells HAM2 is also present throughout the

nucleolus, which is the site of active rRNA gene transcription

(Figure 6, panels U, X).

Discussion

Sodium butyrate, trichostatin A, or RNAi-mediated knock-

down of specific histone deacetylases are sufficient to turn

on silent rRNA genes, and chromatin immunoprecipitation

experiments have shown that the promoters of these active

rRNA genes associate with nucleosomes in which histone

H4 is acetylated on lysines 5, 8, 12, and 16, and in which

histone H3 is acetylated on lysines 9 and 14 (Chen and Pik-

aard, 1997a; Earley et al., 2006a; Lawrence et al., 2004). Our

study sheds light on several aspects of the hyperacetylation

events that are characteristic of the active state. One insight

is that histone H4 hyperacetylation appears to occur in a

processive fashion. In the N-terminal tail region, H4 could, in

principle, be mono-acetylated at lysines 5, 8, 12, or 16, could

be di-acetylated in six different permutations (5/8, 5/12, 5/16,

8/12, 8/16, 12/16) and tri-acetylated in four possible permu-

tations (5/8/12, 5/8/16, 5/12/16, 8/12/16). However, the mass

(a)

(b)

(c)

Figure 5. Activities of recombinant epitope-tagged histone acetyltransferases

(HATs) expressed in transgenic Arabidopsis thaliana.

(a) Western blot of FLAG-HAG1, FLAG-HAG2, FLAG-HAM1, and FLAG-HAM2

purified using anti-FLAG conjugated agarose and detected using anti-Flag M2

antibody.

(b) HAT activities of HAG1, HAG2, HAM1, and HAM2 using Brassica histones

as substrates. Histones were labeled with 3H-acetyl-CoA. Proteins were

resolved by SDS-PAGE, coomassie stained and subjected to fluorography to

detect labeled histones.

(c) HAT activities of HAG1, HAG2, HAM1, and HAM2 in the pre-acetylated

histone H3 and histone H4 peptide assay.
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spectrometry data reveal that patterns of H4 acetylation are

not this complex. Instead, we identified only one mono-

acetylated isoform (AcK16), one di-acetylated isoform

(AcK16, AcK12), one tri-acetylated isoform (AcK16, AcK12,

AcK8), and one tetra-acetylated isoform (AcK16, AcK12,

AcK8, AcK5). These results suggest that H4 hyperacetylation

proceeds in an ordered fashion, with mono-acetylation at

K16 preceding the subsequent, stepwise acetylation of

lysines 12, 8, and 5 (Figure 1e). A potential caveat to these

studies is that the patterns of histone hyperacetylation

induced by blocking histone deacetylase activity using

chemical inhibitors may not accurately reflect the normal

patterns of acetylation in untreated plants. However, evi-

dence for processive acetylation of histone H4 in the same

order (K16 fi K12 fi K8 fi K5) has also been observed

in animal cells, and therefore appears to reflect a conserved

pattern of eukaryotic chromatin modification (Chicoine

et al., 1986; Couppez et al., 1987; Thorne et al., 1990; Zhang

et al., 2002).

The existence of H4K5-, H4K12-, and H3K14-specific HATs

suggests that acetylation of these lysines may have special

regulatory significance. Indeed, H3K14 acetylation by GCN5

is mechanistically coupled to H3 serine 10 phosphorylation,

and is required for the expression of a subset of genes in

yeast (Lo et al., 2000, 2001). Likewise, the ability to control at

least two steps in H4 tetra-acetylation (K12 and K5) may

allow for similar mechanistic links among activities that

establish or interpret the histone code (Jenuwein and Allis,

2001). If the activities of the H4K5-specific HATs, HAM1, and

HAM2, or the H4K12-specific HAT, HAG2, represent impor-

tant checkpoints, an intriguing question is what regulates

these HATs. Based on the evidence that H4 hyperacetylation

proceeds in the order K16 fi K12 fi K8 fi K5, one could

imagine that prior modifications might be interpreted by the

HATs, such that HAG2 might recognize H4 acetylated on

K16, and only then acetylate K12. Likewise, HAM1/2 might

only acetylate H4K5 provided that the substrate was already

acetylated on K16, K12, and/or K8. However, our data show

that HAG2 and HAM1/2 do not require pre-existing acetyla-

tion patterns in order to acetylate H4K12 or H4K5, respec-

tively, suggesting that the regulation and establishment of

acetylation patterns is not intrinsic to the HATs themselves,

but is probably regulated by other proteins and/or histone

modifications.

Histone H3 lysine 9 cannot be both acetylated and

methylated at the same time; instead, these are mutually

exclusive modifications at rRNA genes, as they are at

protein-coding genes (Earley et al., 2006a). Given that acet-

ylation versus methylation of H3K9 helps define active

euchromatin versus inactive heterochromatin, respectively,

one might imagine that one or more histone acetyltransfe-

rases might be dedicated to the acetylation of H3K9,

potentially counteracting the activity of known H3K9-specific

deacetylases. However, none of the HATs that we tested

displays exclusive specificity for H3K9, suggesting that H3K9

acetylation is attributable to the action of one or more of the

broad-specificity HAC (CBP/P300-like) family of HATs. It is

possible that interacting proteins could confer H3K9 speci-

ficity to one or more of the HACs, as might the non-catalytic

domains of these proteins, which were not tested in our

Whole root
section

YFP

DAPI

HAG1

YFP

DAPI

HAG2

YFP

DAPI

HAM1

YFP

DAPI

~50 uM 5 uM

~50 uM 5 uM

~50 uM 5 uM

~50 uM 5 uM

HAM2

Individual nuclei

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

(m) (n) (o)

(p) (q) (r)

(s) (t) (u)

(v) (w) (x)

Figure 6. Cellular localization of HAG1, HAG2, HAM1, and HAM2. Images for

YFP-HAG1 (A–C), YFP-HAG2 (G–I), YFP-HAM1 (M–O) , and YFP-HAM2 (S–U)

localization within seedling root cells. Within whole-root sections, HAG1(A),

HAG2(G), HAM1(M) , and HAM2(S) signals correspond to DAPI-stained cell

nuclei. Higher resolution localization of YFP fusion proteins (B, C, H, I, N, O, T,

and U) in DAPI-stained nuclei (denoted n) (E, F, K, L, Q, R, W, and X).

Chromocenters and the nucleolus are denoted c and nu, respectively.
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study because of the prohibitively large size (approximately

300 kDa) of the full-length proteins. However, the simplest

hypothesis is that H3K9 acetylation occurs as part of the

regional hyperacetylation that is characteristic of activated

promoters. Although not yet characterized in plants, the

existence of H3K9-specific deacetylases suggests that spe-

cific removal of the acetyl group from H3K9, which is a

prerequisite for H3K9 methylation, may be regulated more

specifically than the acetylation of H3K9.

The specificities we determined for the plant histone

acetyltransferases using acetylation-blocking assays and

mass spectrometry are similar to the specificities deter-

mined for orthologous proteins in other species. For

instance, HAG1 and HAG2 acetylate primarily histone H3

lysine 14 and histone H4 lysine 12, respectively. These

specificities match the specificities of the HAG1 homologs

scGCN5 and hspCAF, and the HAG2 homologs scHAT1 and

zmHAT-B (Kolle et al., 1998; Kuo et al., 1996; Parthun et al.,

1996; Schiltz et al., 1999). Likewise, HAM1 and HAM2

preferentially acetylate histone H4 lysine 5 in a similar

fashion to their yeast homolog, Esa1 (Galarneau et al.,

2000). We also found that HAC1, HAC5, and HAC12 have

broad-specificity HAT activity similar to the in vitro specific-

ities of CBP family homologs in other organisms (Kalkhoven,

2004; Ogryzko et al., 1996). Collectively, these studies sug-

gest that histone acetylation in plants is mechanistically

similar to histone acetylation in other species and is highly

conserved throughout eukaryotes.

Our previous studies showed that histone deacetylases

HDT1 and HDA6 are involved in the regulation of nucleolar

dominance and localize to the nucleolus, the site of rRNA

gene transcription (Earley et al., 2006a; Lawrence et al.,

2004). The observation that HAM1 and HAM2 localize at the

periphery of the nucleolus, overlapping the chromocenters

that include the NORs, suggests that these HATs may be

particularly important for the activation of rRNA genes,

perhaps counteracting HDT1 and HDA6 functions. It is

noteworthy that the yeast HAM1/HAM2 homolog Esa1,

which localizes throughout the nucleus, has been shown

to regulate rDNA transcription, as well as affecting telomeric

transcription and cell-cycle progression (Clarke et al., 1999,

2006; Galarneau et al., 2000; Smith et al., 1998). Further

studies will be needed to assess the potential roles of HAM1

and HAM2, or other HATs, in nucleolar dominance and rRNA

gene expression.

Experimental procedures

Histone purification

To purify broccoli histones, inflorescence tissue was homogenized in
a Waring blender at high speed in homogenization buffer (0.44 M

sucrose, 1.25% Ficoll w/v, 2.5% Dextran w/v, 20 mM HEPES, pH 7.4,
10 mM MgCl2, 0.5%TritonX-100,0.5 mM DTT,4.0 lg ml)1 pepstatin A,

0.5 mM phenylmethylsulfonyl fluoride [PMSF]), then filtered through
two layers of Miracloth (Calbiochem, http://www.emdbiosciences.
com) to remove cell debris. Nuclei were pelleted at 10 000 g, for
30 min, at 4�C. The crude nuclear pellet was resuspended in resus-
pensionbuffer (RB;50 mM HEPES,pH 7.9,20% glycerol, 10 mM EGTA,
10 mM MgSO47H2O, 0.5 mM PMSF, 0.5 mM DTT) and NaCl was added
to 1.0 M, with continuous stirring, to lyse the nuclei. Polyethylene
glycol (PEG 8000) was added slowly, over a 20-min period, to a final
concentration of 1% (w/v) with constant stirring. Following centrifu-
gation at 17 000 g for 30 min, the supernatant was diluted fivefold
with RB buffer and filtered through two layers of Miracloth (Calbio-
chem). The viscous chromatin was retained on the Miracloth and
collected. Histones were purified from this chromatin fraction by
hydroxylapatite chromatography (Simon and Felsenfeld, 1979).

Histone identification

Coomassie-stained bands in SDS or TAU gels were excised and
processed for MALDI mass spectrometry by in-gel digestion and
extraction as previously described (Rosenfeld, 1992). Samples were
prepared for analysis by desalting and reverse-phase purification
using C18 Zip tips (Millipore, http://www.millipore.com) following
the manufacturer’s instructions, and were subsequently mixed 1:1
with crystallization matrix (50% acetonitrile, 0.3% trifluoroacetic
acid saturated with a-cyano-4-hydroxycinnamic acid) and spotted
on target plates. Monoisotopic masses of all peptides were mea-
sured using a PerSeptive Voyager RP-DE MALDI-TOF mass spec-
trometer (Applied Biosystems, http://www.appliedbiosystems.com)
with delayed extraction operated in the reflectron mode. Ions
resulting from 50 to 100 laser shots were accumulated to produce
acceptable spectra. Resulting MALDI-TOF spectra were used to
query the NCBI non-redundant database using the MS-Fit sequence
database search tool within the PROTEIN PROSPECTOR software pack-
age (http://prospector.ucsf.edu).

Protein alignments and expression profiles

Predicted amino acid sequences for putative A. thaliana HATs,
HAG1 (At3g54610), HAG2 (At5g56740), HAG3 (At5g50320), HAM1
(At5g64610), HAM2 (At5g09740), HAC1 (At1g79000), HAC2
(At1g67220), HAC4 (At1g55970), HAC5 (At3g12980), HAC12
(At1g16710), HAF1 (At1g32750), and HAF2 (At3g19040), were
downloaded from the Plant Chromatin Database (http://
www.chromdb.org) and aligned with similar H. sapiens and S. cere-
visiae proteins using the CLUSTALW multiple sequence alignment
program (http://www.ebi.ac.uk/clustalw). Sequence similarities
and identities listed in Table 1 were then calculated using the
BOXSHADE similarity/identity matrix (http://bioweb.pasteur.fr/
seqanal/interfaces/boxshade.html).

Constructs

pENTR-D-HAG1, pENTR-D-HAG2 and pENTR-D-HAM2 (HAG5) con-
structs and pDEST17-HAG1, pDEST17-HAG2, or pDEST17-HAM2
constructs were previously described (Earley et al., 2006a). Full-
length HAG3 and HAM1 cDNA ORFs were amplified using PCR from
A. thaliana cDNA using the following forward (F) and reverse (R)
primers: HAG3 F (5¢-CACCATGGCGACGGCGGTAGTGATG-3¢) and
HAG3 R (5¢-TCAAAGAAGATGCTTCACCATGTAAGG-3¢), HAM1 F (5¢-
CACCATGGGATCGTCTGCGG-3¢) and HAM1 R (5¢-TTAGCTCTGC-
TCTTTGTAAGGAGTC-3¢). The HAT domains of HAC1 (amino acids,
aa 950–1654), HAC4 (aa 750–1469), HAC5 (aa 900–1671), and HAC12
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(aa 950–1706) were amplified by PCR using primers HAC1 F (5¢-
CACCTTACCCTTGAGCCACCACCTA-3¢) and HAC1 R (5¢-TTAAC-
CTGAGCCCCCAGC-3¢), HAC4 F (5¢-CACCAATGCCTTGCACTATAGT-
ATTG-3¢) and HAC4 R (5¢-TCAGCCAGTGCGGGTGGC-3¢), HAC5 F (5¢-
CACCGCGGTCTTCGTCAGTGGGTAG-3¢) HAC5 R (5¢-TCATTCAG-
GAGTGGAGGCC-3¢) and HAC12 F (5¢-CACCAATTCAATGAG-
TGAGAATTCCTC-3¢), and HAC12 R (5¢-TCAACCCGAGGTTCCAGCG-
3¢). HAG3, HAM1, HAC1, HAC4, and HAC12 PCR products were
cloned into pENTR-D TOPO vectors according to the manufacturer’s
instructions (Invitrogen, http://www.invitrogen.com). Using the LR
Clonase kit (Invitrogen), pENTR-D-HAT constructs were recombined
into either pDEST15 (N-terminal GST tag) or pDEST17 vectors (N-
terminal 6xHis tag) for recombinant protein expression in E. coli.
pENTR-D-HAG1, pENTR-D-HAG2, pENTR-D-HAM1 and pENTR-D-
HAM2 cDNA sequences were recombined into pEarleyGate 202 (N-
terminal FLAG epitope) and pEarleyGate 104 (N-terminal YFP) for
expression and purification, or protein localization, in A. thaliana
(Earley et al., 2006b). Constructs were transformed into Agrobacte-
rium tumefaciens strain GV3101 via electroporation. Transformation
of A. thaliana (Col-0) was achieved using the floral-dip method
(Clough and Bent, 1998).

Purification of recombinant histone acetyltransferases

Recombinant N-terminal 6xHis tagged HAG1, HAG2, HAM1, and
HAM2 recombinant proteins expressed in E. coli were purified as
previously described (Earley et al., 2006a). Recombinant GST-HAC1,
GST-HAC4, GST-HAC5, and GST-HAC12 were purified as follows:
pDEST15-HAC1, pDEST15-HAC4, pDEST15-HAC5, and pDEST15-
HAC12 constructs were transformed into BL21-AI E. coli, and grown
to an absorbance (A600) of 0.5. Recombinant protein expression was
then induced by the addition of 0.2% (w/v) L-arabinose, followed by
incubation for 12–16 h at 16�C. Cells were collected by centrifuga-
tion (5000 g), resuspended in PBS buffer, sonicated (four pulses,
30 sec at medium power on ice) to lyse the cells, and subjected to
centrifugation (12 000 g) for 15 min at 4�C. Soluble GST-tagged
HATs were purified using Glutathione Sepharose 4B resin according
to the manufacturer’s instructions (GE Healthcare, http://www.
gehealthcare.com). Affinity-purified HATs were eluted using gluta-
thione elution buffer (10 mM glutathione, 50 mM Tris-HCl at pH 8.0)
and dialyzed against HAT assay buffer (10 mM Tris-HCl at pH 8.0,
150 mM NaCl, 10% glycerol) overnight.

For the purification of recombinant HATs expressed in transgenic
plants, A. thaliana leaf tissue expressing FLAG-HAG1, FLAG-HAG2,
FLAG-HAM1, or FLAG-HAM2 was ground in a mortar and pestle in
liquid nitrogen. Three volumes (w/v) of extraction buffer [20 mM

Tris-HCl, pH 8.0, 300 mM NaCl, 5 mM MgCl2, 1:100 protease inhibitor
cocktail (Sigma, http://www.sigmaaldrich.com), 1 mM PMSF, 1 mM

DTT] were added and the slurry was filtered through Miracloth.
Filtrates were subjected to centrifugation at 15 000 g for 15 min at
4�C, and supernatants were incubated with anti-FLAG-conjugated
agarose (Sigma) overnight at 4�C. The resin was washed twice with
10 volumes of extraction buffer and twice with 10 volumes of wash
buffer (10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 10% glycerol). HAT
assays were then performed using the beads and their associated
HATs that survived the washing steps.

Histone acetyltransferase activity assays

HAT assays using recombinant HATs expressed in E. coli were
performed as described previously (Earley et al., 2006a). Briefly,
recombinant HAT reactions were performed at 30�C in 100-ll reac-
tions using either 20 lg of broccoli histones or 2 lg of histone H3 or

H4 peptide (Upstate, http://www.upstate.com), 500 ng of partially
purified HAT enzyme fraction, 1 lCi of 3H-acetyl-CoA (200 mCi m-
mol)1; Perkin-Elmer Life Science, http://las.perkinelmer.com) in as-
say buffer (10 mM Tris-HCl, pH 8.0, 75 mM NaCl, 5% glycerol). For
HATs purified from transgenic plants, 25 ll of FLAG-HAG1, FLAG-
HAG2, FLAG-HAM1 or FLAG-HAM2 bound to anti-FLAG agarose (in
wash buffer: 10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 10% glycerol)
was incubated with 20 lg of broccoli histones, or 2 lg of peptide,
and 1 lCi of 3H-acetyl-CoA (200 mCi mmol)1; Perkin-Elmer Life
Science) in a 50-ll reaction. Final buffer concentrations were 10 mM

Tris-HCl, pH 8.0, 75 mM NaCl, 5% glycerol. Reactions were incu-
bated at 30�C for 2 h.

Mass spectrometry of acetylated histone peptides

For mass spectrometry analysis, recombinant HAT reactions were
performed at 30�C in 100-ll reactions using 2 lg of histone H3 or H4
peptide (Upstate; http://www.upstate.com), 500 ng of purified en-
zyme, 1 mM acetyl-CoA (Sigma) in assay buffer (10 mM Tris-HCl,
pH 8.0, 75 mM NaCl, 5% glycerol). Reactions were quenched by the
addition of trifluoroacetic acid to a final concentration of 10% (w/v)
and subjected to C18 Zip-Tip (Millipore) purification for desalting
before analysis by mass spectrometry. Sample analysis was con-
ducted using an ABI QSTAR XL (Applied Biosystems/MDS Sciex;
http://www.appliedbiosystems.com) hybrid QTOF MS/MS mass
spectrometer equipped with a nanoelectrospray source (Protana XYZ
manipulator). Positive mode nanoelectrospray was generated from
borosilicate nanoelectrospray needles at 1.5 kV. TOF mass spectra
were obtained using the ANALYST QS software with an m/z range of
100–2000. The m/z response of the instrument was calibrated daily
with standards from the manufacturer. Species of interest were
selected using the quadrupole and subjected to collisionally activated
dissociation (MS-MS) for confirmation of peptide identification and
localization of modifications. The fragmentation data were inter-
preted both manually and by using single protein mode in ProSight
PTM and correlated to the peptide primary amino acid sequence.

YFP localization

Seedling root tissue from YFP fusion lines was harvested and fixed
in PBS, 4% formaldehyde solution, for 30 min, washed using PBS
and incubated with DAPI (4¢,6¢-diamidino-2-phenylindole hydro-
chloride) for at least 1 h. Fluorescence was visualized using a Nikon
Eclipse E80i epifluorescence microscope (http://www.optoteam.at/
02_mikro/E_E80i.htm), and localization images were acquired using
a Photometrics Coolsnap ES Mono digital camera (http://
www.photomet.com) and PHYLUM digital imaging software.
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