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Histone deacetylases (HDACs) are known to function in the nucleus. Here, we report on the organ-
ellar localization of three rice HDACs, OsSIR2b, OsHDAC6, and OsHDAC10. The 35S:0sSIR2b-GFP and
35S:0sHDAC10-GFP constructs were introduced into tobacco BY2 cells. Co-localization analysis of
the green fluorescent protein and MitoTracker fluorescent signals in the transformed BY2 cells indi-
cated that OsSIR2b and OsHDAC10 are localized in the mitochondria. Transgenic Arabidopsis lines
harboring 35S:0sHDAC6-GFP and 35S:0sHDAC10-GFP constructs were similarly analyzed, revealing

that OsHDACG6-GFP is localized exclusively in chloroplasts, whereas OsHDAC10-GFP is localized in
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both mitochondria and chloroplasts. The presence of OsHDAC6-GFP and OsHDAC10-GFP in chloro-
plasts was verified by immunodetection.
© 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

1. Introduction

The acetylation/deacetylation of histones that are catalyzed by
histone acetyltransferases (HATs) and histone deacetylases
(HDACs) is an important protein modification involved in the reg-
ulation of many biological processes [1]. Although most of the
seminal experiments in this area focused on the role of histone
acetylation in transcriptional control in the nucleus, recent find-
ings have suggested that the deacetylase activity of HDACs is nei-
ther restricted to histone proteins nor always localized in the
nucleus [2]. Indeed, some HDACs are partially cytoplasmic and
some HDACs are known to act on non-histone substrates including
the cytoskeletal protein tubulin and the transcription factor p53
[3,4]. In addition, Schwer et al. [5] previously demonstrated that
hSIRT3, a human ortholog of yeast sirtuin2 (SIR2), is an exclusive
mitochondrial NAD-dependent deacetylase. Acetyl-CoA synthetase
2 is the first example of a mitochondrial protein being deacetylated
by hSIRT3 [6].

Since the identification of HDAC RPD3 in yeast [7], a number
of eukaryotic HDACs have been characterized and grouped into
distinct classes based on their sequence homology to three yeast
HDACs. These include Reduced Potassium Dependency3 (RPD3,

Abbreviations: HDAC, histone deacetylase; GFP, green fluorescent protein;
RT-PCR, reverse transcription-polymerase chain reaction; SIR2, sirtuin2.
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class 1), Histone DeAcetylasel (HDAI1, class II), and SIR2 (class
IIT) [8,9]. Plants have an additional class of HDACs, the HD2 class
[10]. HDACs are also found in prokaryotes, but very little is
known about their function. The prokaryotic enzymes acetoin uti-
lization protein (AcuC) and acetylpolyamine amidohydrolase
(APAH) are similar in amino acid sequence to the classes I and
Il HDACs of eukaryotes, respectively [11]. More recently, a new
member of the HDAC family, human HDAC11, has been identified
[12] and classified as a novel class IV and member of these en-
zymes [13,14] are more similar in sequence to prokaryotic
HDACs.

2. Materials and methods
2.1. Bioinformatic analysis of subcellular localization

BLAST searches and alignments were performed using the
National Center for Biotechnology Information (http://ncbi.nlm.
nih.gov) and ClustalW (http://clustalw.genome.ad.jp) websites,
respectively. A phylogenic tree was made from the protein align-
ment via ClustalW and then visualized using FigTree version 2.1
(http://tree.bio.ed.ac.uk/software/figtree). Predictions of subcellu-
lar localization were made using iPSORT prediction (http://hc.ims.
u-tokyo.ac.jp/iPSORT/index.html), TargetP prediction (http://
www.cbs.dtu.dk/services/TargetP) and MitoProt (http://ihg2.helm
holtz-muenchen.de/ihg/mitoprot.html).
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2.2. Reverse transcription-polymerase chain reaction (RT-PCR) assay

Gene expression was analyzed by semi-quantitative RT-PCR.
Total RNAs were extracted from tissues using Tri reagent (MRC
Inc., Cincinnati, OH) according to the method previously described
[15]. Oligo(dT) primed reverse transcription of first-strand cDNA
synthesis was carried out with 5 pg total RNA using Superscript™
Il First-strand synthesis System (Invitrogen, Carlsbad, CA). To en-
sure exponential amplification, equal volumes of each first strand
reaction were amplified with gene-specific primer pairs (Table
S2). Thermocycling conditions were 94 °C for 5 min followed by
35 cycles of 94 °C for 1 min, 55-60 °C for 30 s, and 68 °C for 30s.

2.3. Plant transformation

All constructs for BY2 and Arabidopsis transformation were pre-
pared using the vector pGWB5, which carries a kanamycin- and a
hygromycin-selective marker. The plasmid pGWB5 was kindly pro-
vided by Prof. Yang Do Choi at Seoul National University, Korea.
The PCR products containing the coding sequences for OsHDACT,
6, 10, and OsSIR2b were cloned into pGWB5 via Gateway Technol-
ogy (Invitrogen, Carlsbad, CA) to produce full-length OsHDAC pro-
teins fused with green fluorescent protein (GFP) at their C-termini.
The recombinant 35S:0sHDAC-GFP plasmids were introduced into
the Agrobacterium tumefaciens AGL1 strains through electropora-
tion, and the resulting Agrobacterium strains were then used to
transform tobacco BY2 (Nicotiana tabacum cv Bright Yellow 2) cells
and Arabidopsis thaliana Columbia.

2.4. Subcellular localization

To stain mitochondria, calli were immersed in 0.2 M MitoTrac-
ker Orange CMTMRos (Molecular Probes, M7510, Eugene, OR) for
15 min, and then mounted on slides with half-strength MS liquid
for imaging. The Arabidopsis seedlings were then grown at 22 °C
in 16-h-light/8-h-dark conditions. For RT-PCR, leaf tissues were
harvested from plants grown for 4 weeks. For staining of nuclei
with DAPI (4',6-diamidino-2-phenylindole; Sigma, St. Louis, MO),
roots were extracted from 10 d-old seedlings grown on Murashige
and Skoog medium, pH 5.7, containing 0.5% sucrose and 0.8% bac-
to-agar. The Arabidopsis roots were fixed in 3% glutaraldehyde
(Sigma) and stained with 1% DAPI for 4 h. GFP expression in trans-
formed tobacco BY2 cells and Arabidopsis leaves was observed by
confocal laser scanning microscopy (LSM510 Meta; Zeiss).

2.5. Protein extractions and immunoblot analysis

To prepare chloroplast fractions, fresh leaves from transgenic
and control Arabidopsis plants were homogenized in extraction
buffer (50 mM HEPES-KOH, pH 7.5, 330 mM sorbitol, 1 mM MgCl,,
2 mM EDTA, pH 8.0, 0.25% BSA, and 0.1% sodium ascorbate). Intact
chloroplasts were then enriched by centrifugation of cell lysates
through a Percoll density gradient (40-80%), essentially as de-
scribed previously [16]. Nuclear-enriched fractions were prepared
from Arabidopsis leaves also as described previously [17]. Protein
extracts were then separated on 17.5% SDS-polyacrylamide gels
and blotted onto a polyvinylidene difluoride (PVDF) membrane
(Immobilon-P, Millipore Corporation, Billerica, MA) using a semi-
dry transfer apparatus (Bio-Rad). The immunoreactive proteins
were detected using primary antibodies against histone H4 (#07-
108, Upstate Biotechnology, Lake Placid, NY), GFP (0436324; Naca-
lai Tesque Inc., Japan) and Lhcb1 (ASO1 004; Agrisera, Sweden), and
detected by chemiluminescence with Pierce Super Signal Substrate
(Pierce, Rockford, IL) in accordance with the manufacturer’s
protocol.

3. Results

3.1. Prediction of subcellular localization of rice HDACs and their
expression

Previously, the rice genome was predicted to contain 16 HDAC
genes [9]. Although a histone deacetylating function of OsHDAC
proteins can be anticipated due to the levels of homology with
their yeast counterparts, very little is known about the biological
activities and subcellular localization of these enzymes in rice. In
our current study, we have analyzed the organellar localization
of three rice HDACs, OsSIR2b, OsHDAC6, and OsHDAC10. Phylo-
genic analysis of the 123 HDACs identified thus far in eukaryotic
and prokaryotic organisms [8] has revealed the presence of five
classes of these enzymes (Fig. S1 and Table S1). Of the 123 known
HDAGCs, three in human, hSIRT3, 4, and 5 that belong to the class III
group (SIR2), have been reported to be targeted to mitochondrial
compartments (Table 1) [5,18]. We predicted the subcellular local-
ization of the 123 HDACs in silico using the software, TargetP, iP-
SORT, and MitoProt, identifying a total of eight HDACs that
appeared to localize in the chloroplasts and/or mitochondria (Table
1). This group included three HDACs from rice, one from Arabidop-
sis and one from Drosophila, in addition to the three human HDACs
previously reported. Among the three rice HDACs, OsHDAC6 was
predicted to be localized exclusively to chloroplasts, whereas OsH-
DAC10 and OsSIR2b to either mitochondria and/or chloroplasts.
We found that there was a higher probability that OsHDAC10 tar-
geted to the chloroplasts than to mitochondria, with the opposite
holding true for OsSIR2b. This is because the probability values
for targeting to mitochondria obtained using MitoProt were
0.084 for OSHDAC10 and 0.918 for OsSIR2b.

The levels of OsHDAC6, OsHDAC10, and OsSIR2b transcripts were
analyzed by RT-PCR using total RNAs from various rice plant tis-
sues at different developmental stages (Fig. 1A). OsHDAC10 and Os-
SIR2b transcripts were detectable in coleoptiles, roots, leaves, flag
leaves, and flowers, whereas OsHDACG transcripts were detectable
in leaves and flowers, but not in young roots and coleoptiles
(Fig. 1B).

3.2. Subcellular localization of OsHDAC6, OsHDAC10, and OsSir2b

To investigate whether the three rice HDACs truly localized at
the organelles predicted experimentally, full-length ¢cDNAs for
the corresponding genes were isolated, fused to a GFP at their C-
terminus, and linked to the 35S promoter to enable constitutive
expression. For targeting to mitochondria, 35S:0sSIR2b-GFP,
35S:0sHDAC10-GFP, and 35S:0sHDAC6-GFP were introduced into
tobacco BY2 cells. GFP fluorescent signals were then detected using
confocal laser scanning microscopy. OsSIR2b and OsHDAC10 were
indeed found to be targeted to the mitochondria, as evidenced by
the co-localization of GFP and MitoTracker, a mitochondrial-spe-
cific dye, and this was not the case with the OsHDAC®6 (Fig. 2). Os-
SIR2b-GFP was observed to be targeted exclusively to
mitochondria, i.e. the GFP signals were completely co-localized
with those of MitoTracker. In contrast, OSHDAC10-GFP appeared
to be targeted to other organelles in addition to mitochondria, be-
cause some of the detectable GFP fluorescence was not co-localized
with MitoTracker (Fig. 2).

These observations prompted us to transform Arabidopsis with
35S:0sHDAC10-GFP and 35S:0sHDAC6-GFP together with 35S:0sH-
DAC1-GFP as a control for nuclear localization (Fig. S2) [19]. These
three constructs were introduced into Arabidopsis thaliana Colum-
bia using the Agrobacterium-mediated transformation method [20].
Transgenic lines derived from the 35S:0sHDAC1-GFP, 35S:0sH-
DAC6-GFP, and 35S:0sHDAC10-GFP transformants were selected
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Table 1
Predicted subcellular localization of rice histone deacetylases.
Name Class Protein ID? Organism Program Reference
TargetP® iPSORT® MitoProt¢
OsHDAC6 1\% NP 001057914 Oryza sativa ce C 0.043 This paper
OsHDAC10 Il ABA95964 Oryza sativa mf C 0.084 This paper
0OsSIR2b 11 ABA95936 Oryza sativa C M 0.918 This paper
AtHDA9 I CAB72470 Arabidopsis thaliana - C 0.045 -
DmSRT407 11 AAF46055 Drosophila melanogaster M M 0.782 -
hSIRT3 11 AAD40851 Homo sapiens M - 0.746 Schwer et al. [5]
hSIRT4 111 AAD40852 Homo sapiens M M 0.904 Michishita et al. [18]
hSIRT5 11 AAD40853 Homo sapiens M M 0.805 Michishita et al. [18]

2 Genebank accession numbers.

b TargetP (http://www.cbs.dtu.dk/services/TargetP/).

€ iPSORT (http://hc.ims.u-tokyo.ac.jp/iPSORT/index.html).

4 MitoProt (http://ihg2.helmholtz-muenchen.de/ihg/mitoprot.html).
¢ Chloroplasts.

f Mitochondria.

A

Meiosis

3 DAG Before heading After heading
B Root Coleoptile Leaf Flag-leaf Flower
RT R2 R3 C1 C2 L1 L2 L3 FL1FL2FL3 F1 F2 F3

OsHDAC 6

OsHDAC 10

OsSir2b

Tubulin

Fig. 1. Expression analysis of OsHDAC6, 10, and OsSIR2b in various plant tissues at different developmental stages. (A) Rice seeds were germinated and grown on Murashige
and Skoog agar medium in the dark for 2 d (2 DAG) and then in the light for 1 d at 28 °C (3 DAG). Seedlings were then transplanted into soil pots, and grown in the greenhouse
for 12 d (15 DAG) until meiosis (meiosis), just prior to heading (before heading) and also right after heading (after heading). (B) RT-PCR analyses of rice HDACs in the indicated
tissues and developmental stages. Rice tubulin was used as an internal control. C, coleoptiles; R, roots; L, leaves; FL, flag leaves; F, flowers (panicles).

and transgene expression was assayed by RT-PCR using total RNAs
extracted from the leaf tissues of 30 d-old plants (Fig. 3A). OsH-
DAC1-GFP, OsHDAC6-GFP, and OsHDAC10-GFP transcripts were
clearly detectable in the corresponding transgenic lines but not
in the non-transgenic (NT) controls. Confocal image analysis of
the leaf tissues of 35S:0sHDAC6-GFP Arabidopsis revealed that
OsHDACG6-GFP is targeted exclusively to chloroplasts as the GFP
fluorescence was completely superimposed with the autofluores-
cence signals of the chlorophylls (Fig. 3B). In leaf tissues of
35S:0sHDAC10-GFP Arabidopsis, in contrast, most of the OsH-
DAC10-GFP expression appeared to be localized at the chloroplasts
(Fig. 3B). These results are again consistent with our observations

in BY2 cells. Overall, our current data demonstrate that OsSIR2b
and OsHDACS6 are localized exclusively in mitochondria and chlo-
roplasts, respectively, and that OsHDAC10 is localized in both of
these organelles.

3.3. Immunolocalization of OsHDAC6 and OsHDAC10 in chloroplasts

To verify the presence of OsHDAC6-GFP and OsHDAC10-GFP
proteins in chloroplasts, we prepared both chloroplast- and nucle-
ar-enriched fractions together with cytoplasmic fractions from the
transgenic leaves of the 355:0sHDAC6-GFP and 35S:0sHDAC10-GFP
Arabidopsis lines. Immunoblotting experiments using anti-GFP
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BY2
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Fig. 2. Subcellular localization of OsSIR2b, OsHDAC10, and OsHDAC6 in tobacco BY2. The 35S:0sSIR2b-GFP, 35S:0sHDAC10-GFP, and 35S:0sHDAC6-GFP constructs were
transformed into tobacco BY2 cells. GFP and MitoTracker signals in the transformed tobacco BY2 cells was separately observed by confocal laser scanning microscopy and
then resulting images were merged. Visible denotes light microscopic images. Scale bars, 10 pm.

antibodies revealed that OsHDAC6-GFP was predominant in the
chloroplast-enriched fractions with some expression in the nucle-
ar-enriched fractions. These analyses also revealed that OsH-
DAC10-GFP proteins were present in the chloroplast-enriched
fractions, but not in the cytoplasmic nor nuclear-enriched fractions
(Fig. 3C). The light-harvesting chlorophyll protein complex (Lhcb1),
a protein that is specifically localized in chloroplasts, was detected
only in chloroplast-enriched fractions (Fig. 3C), suggesting that
OsHDAC6-GFP and OsHDAC10-GFP localize predominantly in chlo-
roplasts in the transgenic Arabidopsis plants. In addition, the OsH-
DACG6-GFP proteins appeared to reside also in the nucleus with a
slightly higher molecular weight compared with chloroplasts.
The OsHDAC1-GFP protein, a nuclear-specific control, was detected
only in nuclear-enriched fractions (Fig. 3C).

4. Discussion

In the current study, we found that some eukaryotic (human,
rice, Arabidopsis, and Drosophila) HDACs may be targeted to mito-
chondria and/or chloroplasts using the prediction programs. Earlier
studies have shown that human SIRT3 is a mitochondrial protein
with NAD-dependent deacetylase activity and that it activates
the Acetyl-CoA synthetase 2, an AMP-forming enzyme [6]. As such,
hSIRT3 is involved in controlling central metabolic processes by
reversibly acetylating Lys, an invariant residue of a conserved mo-
tif in the family of AMP-forming enzymes [21]. OsSIR2b shares a
39% amino acid homology with hSIRT3 in the conserved domain,
and was also found to be localized to the mitochondria of tobacco
BY2 cells in our current experiments, suggesting that OsSIR2b and
hSIRT3 have similar functions.

Previously, it was reported that the prokaryotic protein AcuC
(acetoin utilization protein) and the proteobacterium Apah (acetyl-
polyamine amidohydrolase) may have diverged from a common
ancestor and subsequently evolved to give rise to the eukaryotic
classes I and II HDACs, respectively [22]. A new group of HDACs,
the class IV group, has been distinguished from the class I group
containing HDACs that are similar to AcuC [12,14]. The class IV

HDACs include OsHDAC6 which is more closely related to the pro-
karyotic AcuC protein than to other classes of HDACs (Fig. S1). The
sequence similarity between OsHDAC6 and AcuC, together with
our observation that OsHDAC6-GFP is localized to chloroplasts in
transgenic leaves, suggests their common function for eukaryotic
organelles and prokaryotic cells. Interestingly, Scher et al. [23]
have reported that hSIRT3 not only localizes to the mitochondria,
but also to the nucleus. The hSIRT3 protein is transported from
the nucleus to the mitochondria upon the onset of cellular stresses
such as DNA damage induced by UV-irradiation or overexpression
of hSIRT3 itself. Similarly, the OsHDAC6 protein analyzed in our
current experiments may be transported from the nucleus to the
chloroplast upon overexpression of OsHDAC6-GFP, leaving some
proteins still in the nucleus.

Earlier studies have shown the subcellular localization of plant
HDACs, ZmRpd3 in maize [24] and OsSRT1 in rice [25]. The maize
ZmRpd3 was localized in both nucleus and cytoplasm, probably
through the nucleus-cytoplasmic shuttling. Of the four classes of
eukaryotic SIR2-like proteins [26], plant proteins are found only
in classes II and IV. The rice OsSRT1, a member of the class IV,
was shown to be localized in the nucleus by using transient expres-
sion in onion cells [25]; whereas, our OsSIR2b, a member of the
class II, was shown to be localized in mitochondria of tobacco
BY2 cells (in this study). Seven human SIRT proteins were reported
to be different in their subcellular locations [18], i.e. hSIRT1, 6, and
7 in nucleus, hSIRT2 in cytoplasm, and hSIRT3, 4, and 5 in mito-
chondria. Recently, using five different softwares, Arabidopsis
HDACs were predicted to be localized in nucleus, mitochondria
and chloroplasts [27]. Arabidopsis orthologs of OsHDAC6, OsH-
DAC10, and OsSir2b proteins appear to be atHDA2 (Genbank acces-
sion number AAD40129), atHDA14 (Genbank accession number
CAB38805), and atSRT2 (Genbank accession number CAC05449),
respectively. The orthologs share 65-71% of protein sequence
homology with being highly conserved in the HDAC domain. It will
be interesting to see whether the Arabidopsis orthologs are also
targeted to organelles. The fact that OsHDACs are localized in chlo-
roplasts and/or mitochondria in plants implies roles in central met-
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Fig. 3. Subcellular localization of OsHDAC6 and OsHDAC10 in transgenic Arabidopsis. (A) cDNAs for OsHDACT1, 6, and 10 were fused to GFP at their C-termini, and placed under
the control of the cauliflower mosaic virus 35S promoter. The resultant constructs were then transformed into Arabidopsis and RT-PCR was performed using GFP primers (P1
and P2) and gene-specific primers (S1, 6, or 10 vs P2). (B) Expression of the OsHDAC6-GFP and OsHDAC10-GFP proteins in leaves of transgenic Arabidopsis was observed by
confocal laser scanning microscopy, these fluorescence images were merged with those of the chlorophylls in the leaves. Visible denotes light microscope images. Scale bars,
10 pm. (C) Immunodetection of OsHDAC6-GFP and OsHDAC10-GFP proteins in chloroplast-enriched fractions. Nucleus-enriched (Nucleus), cytoplasmic, and chloroplast-
enriched (Chloroplast) fractions were prepared from the 35S:0sHDACI-GFP, 355:0sHDAC6-GFP, and 35S5:0sHDAC10-GFP Arabidopsis plants. About 30 pg of proteins were
separated by 17.5% SDS-PAGE and transferred to a PVDF membrane. The immunoreactive proteins were detected using primary antibodies against GFP, histone H4, and the
light-harvesting chlorophyll protein complex (Lhcb1) that is specifically localized in chloroplasts.
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abolic pathways including photosynthesis. The underlying mecha-
nisms by which the organellar OsHDACs exert their roles in plants
remain to be elucidated.
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