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Background: AT-hook motif-containing proteins are associated with chromatin modifications.
Results: The Arabidopsis AT-hook protein AHL22 regulates H3 acetylation and methylation in F7 chromatin by binding to an

intragenic AT-rich DNA sequence.

Conclusion: AHL22 acts as a chromatin remodeling factor that regulates FT expression in flowering induction.
Significance: Learning how the FT gene is regulated is critical for understanding gene regulatory mechanisms of flowering.

Coordination of the onset of flowering with developmental
status and seasonal cues is critical for reproductive success in
plants. Molecular genetic studies on Arabidopsis mutants that
have alterations in flowering time have identified a wide array of
genes that belong to distinct genetic flowering pathways. The
flowering time genes are regulated through versatile molecular
and biochemical mechanisms, such as controlled RNA metabo-
lism and chromatin modifications. Recent studies have shown
that a group of AT-hook DNA-binding motif-containing pro-
teins plays a role in plant developmental processes and stress
responses. Here, we demonstrate that the AT-hook protein
AHL22 (AT-hook motif nuclear localized 22) regulates flower-
ing time by modifying FLOWERING LOCUS T (FT) chromatin
in Arabidopsis. AHL22 binds to a stretch of the AT-rich
sequence in the FT locus. It interacts with a subset of histone
deacetylases. An Arabidopsis mutant overexpressing the AHL22
gene (OE-AHL22) exhibited delayed flowering, and FT tran-
scription was significantly reduced in the mutant. Consistent
with the delayed flowering and FT suppression in the
OE-AHL22 mutant, histone 3 (H3) acetylation was reduced and
H3 lysine 9 dimethylation was elevated in the FT chromatin. We
propose that AHL22 acts as a chromatin remodeling factor that
modifies the architecture of FT chromatin by modulating both
H3 acetylation and methylation.

The timing of flowering initiation is regulated through coor-
dinated interactions of developmental programs, such as gib-
berellic acid, and seasonal cues, including photoperiod, expo-
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sure to prolonged low temperature (vernalization), and
ambient temperature (1-3). The developmental and environ-
mental signals converge to regulate floral integrators, such as
FT,? SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1
(SOC1I),and LEAFY (LFY) (2). The FT and SOCI integrators are
also regulated by the floral repressor FLOWERING LOCUS C
(FLC) that incorporates vernalization and autonomous signals
into the flowering genetic network (1, 2).

Expression of flowering time genes is modulated through
various molecular and biochemical mechanisms in addition to
the ordinary gene transcriptional regulation. Examples include
controlled RNA metabolism, which is governed primarily by
RNA-binding proteins and microRNAs, and epigenetic regula-
tion, which is mediated mainly by histone modifications and
DNA methylation (4-7). Several RNA-binding proteins have
been shown to regulate RNA processing and selection of poly-
adenylation sites in their own genes and the FLC gene (4, 8).
MicroRNAs regulate post-transcriptionally flowering time
genes. miR156 suppresses a subset of genes encoding SQUA-
MOSA PROMOTER BINDING PROTEIN LIKE (SPL) tran-
scription factors that promote flowering (5). MiR172 induces
degradation of gene transcripts encoding a small group of
APETALA?2 (AP2)-like transcription factors that act as floral
repressors (5).

Expression of flowering time genes is also regulated by epi-
genetic mechanisms that include post-translational modifica-
tions of histone and nonhistone proteins. Regulation of flower-
ing initiation by histone modifications has been studied
extensively in FLC chromatin. Molecular characterization of
FLC repressors and activators in recent years has shown that at

2 The abbreviations used are: FT, FLOWERING LOCUS T; AHL22, AT-hook motif
nuclear localized 22; ATR, AT-rich sequence; BiFC, bimolecular fluores-
cence complementation; ESC, ESCAROLA; FLC, FLOWERING LOCUS C; FRI,
FRIGIDA; GUS, B-glucuronidase; H3, histone 3; H3Ac, H3 acetylation;
H3K9me2, H3 dimethylation at Lys-9; H3K27me3, H3 trimethylation at Lys-
27; HDAC, histone deacetylase; LFY, LEAFY; MAR, matrix attachment
region; MBP, maltose-binding protein; MS, Murashige & Skoog; qRT-PCR,
quantitative real-time RT-PCR; SOC1, SUPPRESSOR OF OVEREXPRESSION
OF CONSTANS 1; TSA, trichostatin A; YFP, yellow fluorescent protein; BS,
binding sequence; LD, long day; CaMV, cauliflower mosaic virus; gFT,
genomic FT; cFT cDNA FT; RLN, rosette leaf number.
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least three regulatory systems, vernalization, FRIGIDA (FRI),
and autonomous pathway components, regulate FLC activity
by modifying the FLC chromatin. It is known that specific lysine
(K) residues in the N-terminal region of H3 are either methy-
lated or acetylated (6). H3 trimethylation at Lys-4 and acetyla-
tion are associated with active FLC expression. In contrast, H3
deacetylation and methylation at Lys-9 and Lys-27 repress the
FLC expression (6).

Nuclear matrix is a network of filamentous proteins and
somewhat analogous to cellular cytoskeleton (9). Organization
of the nuclear matrix is regulated in a temporal and spatial
manner during the cell cycle (10, 11). It also contributes to
dynamic chromatin reorganization occurring during DNA
metabolism and gene expression (9-11). The matrix attach-
ment region (MAR), which is also called the scaffold attach-
ment region, is a stretch of AT-rich DNA sequence (ATR) that
guides binding of genomic DNA to the nuclear matrix (10, 11).
Therefore, MAR acts as a structural determinant of chromatin
organization and recruits multiple MAR-binding factors that
facilitate remodeling of the chromatin structure in regulating
gene expression (12).

Various MAR-binding factors have been identified in yeast,
animals, and plants (11, 12). A major group of the MAR-binding
factors possesses a protein motif, called AT-hook that consists
of 9—12 residues (13). In animals, many AT-hook proteins have
been identified in diverse protein groups, and their roles have
been demonstrated in different aspects of gene regulation (13,
14). In plants, a series of AT-hook proteins plays a role in devel-
opmental processes, such as flowering transition and stress
responses (15-21). One example is the AT-hook motif nuclear
localized 22 (AHL22) protein that belongs to the AHL family
consisting of 29 members in Arabidopsis (22). Overexpression
of the AHL22 gene delays flowering, and FT expression is
reduced in the transgenic plants (19). In contrast, silencing of
four AHL genes (AHL22, AHLI18, AHL27, and AHL29) pro-
motes flowering, suggesting that the AHL22 gene, and some
other AHL genes as well, act as a floral repressors, possibly by
modulating FT expression.

Here, we show that the AHL22 protein binds to an ATR
sequence element within the FT locus, which has previously
been predicted as a intragenic MAR (10), and regulates FT
expression by recruiting a subset of histone deacetylases, such
as HDA1/HDA19, HDA6, and HDA9. H3 acetylation was sig-
nificantly reduced in the AHL22-overexpressing OE-AHL22
mutant. We also found that H3K9 dimethylation in the FT'
chromatin was elevated in the mutant, suggesting that AHL22
may also interact with histone methyltransferases. Our obser-
vations indicate that the FT chromatin is coordinately regu-
lated through H3 acetylation and methylation during floral
transition.

EXPERIMENTAL PROCEDURES

Plant Materials—Arabidopsis thaliana lines used were in
Columbia (Col-0) background. Arabidopsis plants were grown
ina controlled culture room at 23 °C under long days (LDs, 16-h
light/8-h dark). To produce transgenic plants overexpressing
Arabidopsis genes, the gene sequences were subcloned into the
binary pB2GW?7 vector under control of the cauliflower mosaic
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virus (CaMV) 35S-promoter (Invitrogen). The loss-of-function
mutants ahl22-1 and ahl22-2 (SALK-018866 and SALK-
143279, respectively) were isolated from a pool of T-DNA
insertion lines deposited in the Arabidopsis Biological Resource
Center (ABRC, Ohio State University).

Isolation of OE-AHL22 Mutant—The OE-AHL22 mutant
was isolated from an Arabidopsis mutant pool that has been
produced by randomly integrating the activation tagging vector
pSKIO15 that contains the CaMV 35S-enhancer element into
the genome of Col-0 plants (23). The presence of a single
T-DNA insertion event in the OE-AHL22 mutant was verified
by genomic Southern blot analysis using the 35S-enhancer
sequence as probe. The flanking genomic sequences of the
T-DNA insertion site were determined by a plasmid rescue
method (15).

Analysis of Transcript Levels—Transcript levels were exam-
ined by either Southern blot hybridization of semi-quantitative
RT-PCR products or by quantitative real-time RT-PCR (qRT-
PCR). RNA sample preparations, PCR conditions, and data
processing have been described previously (23).

qRT-PCR was carried out in 96-well blocks with the Applied
Biosystems 7500 Real-time PCR System using the SYBR Green
I master mix in a volume of 20 ul. The two-step thermal cycling
profile used was denaturation for 15 s at 94 °C and extension for
1 min at 68 °C. The comparative AAC, method was used to
evaluate the relative quantities of each amplified product in the
samples. The threshold cycle (C;) was automatically deter-
mined for each reaction by the system set with default param-
eters. The specificity of amplifications was determined by melt
curve analysis of the amplified products using the standard
method installed in the system. The elF4A (eukaryotic initia-
tion factor 4A) gene (At3g13920) was included in the reactions
as internal control for normalizing the variations in the cDNA
amounts used. The RT-PCR and qRT-PCR primers used are
listed in supplemental Table S1.

Flowering Time Measurements—Plants were grown in soil
under LDs until flowering. Flowering times were determined by
counting the number of rosette leaves at bolting. Fifteen to 20
plants were counted and averaged for each measurement.

AHL22 Binding to FT DNA—Binding of AHL22 to FT DNA
was examined using recombinant the maltose-binding protein
(MBP)-AHL22 fusion protein essentially as described previ-
ously (24) but with some modifications. The recombinant
MBP-AHL22 fusion protein was produced in Escherichia coli
strain BL21-codon Plus (DE3)-RIL (Stratagene, La Jolla, CA).
After induction for 5 h at room temperature, E. coli cells were
harvested and resuspended in lysis buffer A (20 mm Tris-HCl,
pH 7.4, 200 mMm NaCl, 1 mMm EDTA, and 10 mm B-mercaptoeth-
anol) containing protease inhibitor mixture (Sigma) and 1 mm
PMSE. The cells were lysed by French press (8500 psi, three
times). The cell lysates were sonicated for 30 s twice and cen-
trifuged at 20,000 X g for 20 min. The supernatants were stored
at —80 °C until use.

For purification of the fusion protein, 1 ml of cell lysates was
mixed with amylose resin (New England Biolabs, Ipswich, MA)
and incubated at 4 °C for 2 h. The resin was washed 3 times with
fresh lysis buffer A. Bound proteins were eluted with 1X SDS-
PAGE loading buffer, separated on 10% SDS-PAGE, and trans-
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ferred to polyvinylidene fluoride membrane. The air-dried
membrane blot was immersed in binding buffer (25 mm HEPES,
pH 8.00, 60 mMm KCl, 1 mm EDTA, 1 mm DTT, and 6 M guani-
dine hydrochloride) and gently shaken for 10 min at 4 °C. Rena-
turation of the bound proteins and MAR-binding assays were
carried out as described previously (24).

Chromatin Immunoprecipitation Assays (ChIP)—ChIP
assays were performed as described previously (25) using
2-week-old plants grown under LDs on % X Murashige &
Skoog (MS)-agar plates (hereafter, referred to as MS-agar
plates). Briefly, rosette leaves were vacuum-infiltrated with 1%
formaldehyde for cross-linking and ground in liquid nitrogen
after quenching the cross-linking process. Chromatin prepara-
tions were sonicated into 0.5—1-kb fragments. Specific antibod-
ies against MYC (catalog number 05-419), H3Ac (catalog num-
ber 06-599), H3K9me2 (catalog number 07-212), and
H3K27me3 (catalog number 07-449) (Millipore, Billerica, MA)
were added to the chromatin solution, which was precleared
with salmon sperm DNA/Protein A-agarose beads. The precip-
itates were eluted from the beads. Cross-links were reversed,
and residual proteins were removed by incubation with pro-
teinase K. DNA was recovered using the QIAquick spin column
(Qiagen, Valencia, CA). Quantitative PCR was used to deter-
mine the amounts of genomic DNA enriched in the chromatin
samples. The primers were designed to amplify DNA fragments
of 100-200 bp (supplemental Table S1).

Electrophoretic Mobility Shift Assays (EMSA)—EMSAs were
carried out as described previously (25) using recombinant
MBP-AHL22 fusion protein. Double-stranded DNA fragments
were end-labeled with [y->’P]JATP using T4 polynucleotide
kinase. The radiolabeled DNA fragments were incubated for 30
min at room temperature with 1 ug of the MBP-AHL22 fusion
protein in binding buffer (10 mm Tris-HCl, pH 7.6, 50 mm NaCl,
1 mM EDTA, 5 mm DTT, 5% glycerol) supplemented with 100
ng of poly(dI-dC) in the presence or absence of competitor
DNA fragments. The reaction mixtures were resolved on 4%
nondenaturing polyacrylamide gel. The gel was dried on What-
man 3MM paper and exposed to x-ray films.

Subcellular Localization Assays—A full-size AHL22 cDNA
was fused in-frame to the 3’ end of a green fluorescence protein
(GFP)-coding sequence in the p2FGW?7 vector (Invitrogen),
and the fusion construct was transformed into Col-0 plants.
Lateral roots were subject to fluorescence microscopy.

For bimolecular fluorescence complementation (BiFC)
assays, a full-size AHL22 cDNA was fused in-frame to either the
5" end of a DNA sequence encoding the N-terminal half of
EYFP in the pSATN-nEYFP-C1 vector (E3081) or to the 3" end
of a DNA sequence encoding the C-terminal half of EYFP in the
PSATN-cEYFP-C1 vector (E3082). The pSAT vectors were
kindly provided by Stanton Gelvin (Purdue University). The
expression constructs were cotransformed into Arabidopsis
protoplasts by a polyethylene glycol-calcium transfection
method (26). YFP signals were analyzed 14 —18 h after transfec-
tion by fluorescence microscopy using the Zeiss LSM510 con-
focal microscope (Carl Zeiss, Yena, Germany).

In Vitro Pulldown Assays—HDAC cDNAs were amplified by
RT-PCR and subcloned into the pGBKT7 vector, which con-
tains the SP6 RNA polymerase promoter upstream of the mul-
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FIGURE 1. Phenotypic and molecular characterization of OE-AHL22 and
ahl22 mutants. A, phenotypic comparison. Plants were grown in soil for 4
weeks under LDs before taking photographs. The AHL22 gene was overex-
pressed driven by the CaMV 35S-promoter in Col-0 plants, resulting in 35S:
AHL22 transgenic plants. B, mapping of the T-DNA insertion events. The
AHL22 gene does not have introns. C, FT transcript levels. Transcript levels
were determined by gRT-PCR. Biological triplicates were averaged and statis-
tically treated using a Student’s t test (¥, p < 0.01). Bars indicate S.E. of the
mean. D and E, expression domains of AHL22 and FT genes. Whole-mount
staining of 8-day-old seedlings (D) and staining of the first rosette leaves of
12-day-old seedlings (E) were displayed.

tiple cloning sequence. [**S]-Labeled HDAC proteins were pre-
pared by in vitro transcription/translation using the TNT SP6
wheat germ extract-coupled system (Promega, Madison, WI).
The MBP-mAHL22 gene fusion was subcloned into the pMAL-
c2X E. coli expression vector, and recombinant MBP-mAHL22
protein was prepared as described with the recombinant MBP-
AHL22 protein above. I vitro pulldown assays were carried out
as described previously (27) using 5 ul of **S-labeled HDAC
polypeptides and 5 ug of MBP alone or MBP fusion proteins.

Histochemical Staining—A promoter region consisting of a
~2-kbp sequence upstream of the transcription start site of the
AHL22 gene was transcriptionally fused to a B-glucuronidase
(GQUS)-coding sequence, and the pAHL22-GUS fusion was
transformed into Col-0 plants. The pFT-GUS construct has
been described previously (28). Plant sample processing and
histochemical detection of GUS activities were carried out as
described previously (25).

RESULTS

Pleiotropic Phenotypes of OE-AHL22 Mutant—The AHL22-
overexpressing OE-AHL22 mutant exhibited delayed flowering
with small, curled rosette leaves (Fig. 14 and supplemental Fig.
S1A). It was also featured by having short siliques and altered
floral structure (supplemental Fig. S1, Band C). We mapped the
site of T-DNA insertion by a plasmid rescue method (15). It was
found that the T-DNA element was inserted adjacent to the
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At2g45430 locus in the mutant (Fig. 1B). Genomic Southern
blot hybridization confirmed that there was a single T-DNA
insertion event in the mutant (supplemental Fig. S2A4). Gene
expression assays showed that the Az2¢g45430 gene was acti-
vated significantly in the mutant (supplemental Fig. S2B), sug-
gesting that activation of the At2¢45430 gene correlates with
the OE-AHL22 phenotypes. To examine the co-relationship,
the At2g45430 gene was overexpressed driven by the CaMV
35S-promoter in Col-0 plants. The resulting 35S:AHL22 trans-
genic plants recapitulated the OE-AHL22 phenotypes (Fig. 14),
indicating that the A#2¢45430 activation underlies the
OE-AHL22 phenotypes. The At2g45430 gene has previously
been named A T-hook motif nuclear localized 22 (AHL22) (19,
22).

Two AHL22-deficient mutants, ahl22-1 and ahl22-2, were
isolated from the T-DNA insertion pool deposited in the
ABRC. The knock-out mutants did not show discernible phe-
notypes (Fig. 1A4), possibly because of extensive functional
redundancy between AHL22 and other AHL genes (19).

The most prominent phenotype of the OE-AHL22 mutant
was late flowering, as has been observed in Arabidopsis mutant
overexpressing ESCAROLA (ESC)/ORESARA7 (ORE?7)/AHL27
gene (15, 17). The early-flowering phenotype of multiple akhl
mutants also supports the role of the AHL22 gene and probably
other AHL genes in flowering time control (19). Expression
analysis of flowering time genes showed that the FT gene
(At1g65480) is significantly suppressed in the OE-AHL22
mutant (Fig. 1C and supplemental Fig. S3A). LFY and API
genes, which act downstream of the FT gene (1, 3), were also
suppressed in the mutant. In contrast, expression of the FT
gene was slightly but reproducibly elevated in the ahl22
mutants (Fig. 1C), suggesting that the late-flowering phenotype
of the OE-AHL22 mutant is at least in part caused by FT
suppression.

To investigate the potential linkage between the late-flower-
ing phenotype of the OE-AHL22 mutant and F7 gene, we com-
pared the spatial expression patterns of the FT and AHL22
genes. The pAHL22-GUS construct, in which a promoter
region consisting of ~2-kb upstream of the transcription start
site of the AHL22 gene was fused transcriptionally to the GUS-
coding sequence, was transformed into Col-0 plants. The pF7-
GUS fusion has been constructed in a similar manner (28). His-
tochemical assays revealed that in 8-day-old seedlings, whereas
GUS activity was detected broadly in the hypocotyls, roots, and
vascular bundles of the leaves in the pAHL22-GUS transgenic
plants, it was detected primarily in the vascular bundles of the
leaves in the pFT-GUS transgenic plants (Fig. 1D). Close exam-
ination of GUS distribution patterns in the leaves of 12-day-old
seedlings revealed that GUS activity was detected in the vascu-
lar bundles of the basal leaf area in the pAHL22-GUS transgenic
plants (Fig. 1E). In contrast, it was detected in the vascular bun-
dles of the distal leaf area in the pFT-GUS transgenic plants, as
has been observed (28).

The AHL22 gene was highly expressed in earlier growth
stages, but its expression decreased drastically during the 2-3
week period after germination (supplemental Fig. S3B), when
Arabidopsis plants experience a transition from the juvenile to
adult vegetative growth stages (1). In contrast, the FT gene
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exhibited a reversed expression kinetics. Together with FT sup-
pression in the OE-AHL22 mutant, the opposite spatial and
temporal expression patterns of the AHL22 and FT genes fur-
ther support the notion that FT suppression is related with the
AHL22-mediated late flowering.

Binding of AHL22 to FT DNA—AHL proteins possess MAR-
binding activity (20, 22). Intragenic MARs are intimately asso-
ciated with gene regulation (11). We therefore hypothesized
that AHL22 might bind to intragenic MARs in the F7 locus.

In silico mapping of the Arabidopsis genome sequence
revealed that an ATR sequence element consisting of ~620
nucleotides, which covers parts of introns 1 and 2 and exon 2 of
the FT gene (Fig. 2A), has previously been identified as a puta-
tive intragenic MAR (10). An ATR sequence was also predicted
in the API locus (supplemental Fig. S4A).

We decided to examine whether AHL22 binds to the ATR
sequence in the FT locus. Recombinant AHL22 protein was
prepared as a MBP-AHL22 fusion in E. coli cells. The FT-ATR
fragment was prepared by genomic PCR and end-labeled with
[y-3*P]ATP. Southwestern analysis showed that AHL22 indeed
binds to the FT-ATR (Fig. 2B). AHL22 also bound to the intra-
genic ATR sequence in the API locus and the intergenic ATR
sequence in the LFY locus (supplemental Fig. S4B).

The homeobox motif-containing ATHB2 transcription fac-
tor, which does not have the AT-hook (29), also bound to the
FT-ATR. However, the ATHB2-binding DNA fragment, which
is a distinct 9-bp dyad-symmetric sequence (CAAT(G/
C)ATTG) (30), specifically bound only to ATHB2, but not to
AHL22, suggesting that multiple regulatory factors binds to the
FT-ATR. Sequence comparison identified a putative AT-hook-
like sequence in the ATHB2 protein (Fig. 2C, upper panel). We
did not examine whether the sequence motif is responsible for
the binding of ATHB2 to the FT-ATR. Notably, the Arabidopsis
high mobility group A protein (At1g14900), which has four AT-
hook motifs in the C-terminal region, did not bind to the FT-
MAR (supplemental Fig. S5), showing that not all AT-hook
proteins bind to the FT-MAR.

To further examine the AHL22 binding to the FT-ATR, a
mutated AHL22 protein (mAHL22) was synthesized by mutat-
ing the core RGRP sequence to RGAA within the AT-hook
motif. The mAHL22 protein did not bind to the FT-ATR (Fig.
2C, lower panel), indicating that the interaction is mediated by
the AT-hook, as has been shown with AHL1 (22). Although
ATHB2 bound to the FT-ATR, additional control transcription
factors, such as NTM1 and its activated form AC that contain
the NAC DNA-binding domain (23), did not exhibit any detect-
able affinity for the FT-ATR, further supporting that AHL22
binding to the FT-ATR is specific.

We next examined whether AHL22 binds to the FT-ATR in
vivo, ChIP assays were carried out using 35S:MYC-AHL22
transgenic plants that overexpress the MYC-AHL22 gene
fusion, in which a MYC-coding sequence was fused in-frame to
the 5’ end of the AHL22 gene. Chromatin preparations
extracted from the transgenic seedlings were probed with an
anti-MYC antibody. Primer sets were designed so that PCR
products of ~200 bp, such as M1, M2, and M3 that cover dif-
ferent regions of the FT-ATR (Fig. 2A), were synthesized. P1 is
a control DNA sequence region that covers the 5’ untranslated
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FIGURE 2. Binding of AHL22 to FT-ATR. A, location of ATR in FT locus. Black
bars indicate exons, and white bars indicate untranslated regions. The FT-ATR
was dissected into 3 sequence regions, M1 to M3. P1 is a control DNA frag-
ment. Putative BSs of AHL22 were selected according to the rule proposed
previously (40). NB, nonbinding sequence. B, AHL22 binding to FT-ATR.
Recombinant AHL22 and ATHB2 proteins were prepared as MBP fusions in
E. coli cells (left panel, white arrows). The same amounts of proteins shown on
the protein gel and >2P-labeled DNA fragments were used in the in vitro bind-
ing assays (middle panel). The ATHB2-binding sequence was also assayed
(right panel). C, effects of core sequence mutations on AHL22 binding to FT-
ATR. The core sequence of the AT-hook motif (RGRP) was mutated to RGAA,
resulting in mAHL22 (upper panel). NTM1 and ATHB2 transcription factors
were included as controls in the assays (lower panel). D, ChIP assays on AHL22
binding to FT-ATR. The 35S:MYC-AHL22 transgenic plants grown on MS-agar
plates for 2 weeks were used. Primer pairs specific to M1, M2, and M3
sequences were used. Three measurements were averaged and statistically
treated (t test, 'p < 0.01). Bars indicate mean * S.E. £, EMSA on AHL22 binding
to FT-ATR. The BS sequences were mutated to verify specific binding, result-
ing in mutated BS (mBS) sequences (upper panel). Increasing amounts of unla-
beled BS or mutated BS oligonucleotides were added to the assay mixtures
(lower panel).
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region and part of exon 1, to which the FT repressor TEMPRA-
NILLO 1 binds (31). The assays using the primer sets covering
the M1, M2, and M3 regions showed clear enrichment of the
FT-ATR sequence, whereas those covering the P1 region did
not show any enrichment of the FT-ATR sequence (Fig. 2D). In
addition, AHL22 binding to the M1 and M3 regions was further
elevated in 35-day-old plants compared with that in 10-day-old
plants (supplemental Fig. S6), which is certainly due to the
developmental stage-dependent activation of FT chromatin (1).
These observations demonstrate that AHL22 binding to the
FT-ATR occurs in vivo.

We also carried out EMSA using DNA sequences bearing
AAT, ATT, TAA, and TTA within the FT-ATR as probes (Fig.
2E, upper panel). The DNA fragments of ~20 nucleotides con-
taining the consensus motifs were end-labeled, and their bind-
ing to recombinant MBP-AHL?22 fusion protein was assayed. It
was found that AHL22 bound strongly to the binding sequences
(BSs) that are homologous to the FT-ATR (Fig. 2E, lower panel).
In addition, the AHL22 binding was significantly reduced in the
presence of excess unlabeled BS fragments but only slightly
reduced in the presence of mutated DNA fragments (mBSs),
supporting the specific binding of AHL22 to the BS sequences.
In contrast, we did not detect any detectable binding of
mAHL22 to the BS sequences.

Effects of AT-hook Mutation on AHL22 Function in
Flowering—We next examined whether AHL22 binding to
the FT-ATR is physiologically important in flowering. To
examine this, the mAHL22 gene was overexpressed in Arabi-
dopsis. Unlike the late-flowering 35S:AHL22 transgenic plants,
the 35S:mAHL22 transgenic plant did not exhibit late flowering
(Fig. 3A4). qRT-PCR assays revealed that the mAHL22 transcript
level in the 35S:mAHL22 transgenic plant was similar to that in
the OE-AHL22 mutant (Fig. 3B, left panel). In contrast, the FT
transcript level was not reduced in the 35S:mAHL22 transgenic
plant, which was in contrast to the significant suppression of
the FT gene in the OE-AHL22 mutant (Fig. 3B, right panel).
These observations indicate that AHL22 binding to the FT-
ATR is linked with the AHL22-mediated delaying flowering.

Based on the specific binding of AHL22 to the FT-ATR, it
was predicted that AHL22 would be localized in the nucleus.
We examined the subcellular localization of AHL22 using
transgenic plants overexpressing a GFP-AHL22 fusion, in
which a GFP-coding sequence was fused in-frame to the 5" end
of the AHL22 gene. The assays showed that AHL22 is localized
exclusively in the nucleus (Fig. 3C). The mAHL22 protein was
also localized in the nucleus, indicating that the AT-hook motif
is not essential for the nuclear localization of AHL22.

The subcellular distribution of the AHL22 and mAHL22 pro-
teins was further examined by transiently expressing the GFP-
AHL22 and GFP-mAHL22 fusions in Arabidopsis protoplasts.
Both the AHL22 and mAHL22 proteins were localized exclu-
sively in the nucleus (Fig. 3D), demonstrating that the AHL22
protein is localized in the nucleus, where it binds to the
FT-ATR.

AHL22 Suppression of FT in Flowering—Our data showed
that AHL22 suppresses FT expression by binding directly to the
FT-ATR. Therefore, a question was whether the AHL22 sup-
pression of FT is physiologically important in flowering.
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FIGURE 3. Effects of AHL22 mutation on FT expression and flowering. A,
flowering phenotypes of 35S:mAHL22 transgenic plants. B, relative transcript
levels of FT and AHL22 genes. Two-week-old whole plants grown on MS-agar
plates were used for extraction of total RNA. Transcript levels were deter-
mined by gRT-PCR. Biological triplicates were averaged and statistically
treated (t test, ¥, p < 0.01). Bars indicate mean = S.E. C and D, subcellular
localization of AHL22 proteins. The GFP-AHL22 and GFP-mAHL22 gene fusions
were either transformed into Col-0 plants (C) or transiently expressed in Ara-
bidopsis protoplasts (D). In C, root samples were visualized by differential
interference contrast microscopy (DIC) and fluorescence microscopy. Scale
bar, 40 um. In D, Arabidopsis protoplasts were examined by confocal micros-
copy. Scale bar, 10 pm.

To address the question, we produced two independent
transgenic plants: one overexpressing the genomic FT gene
sequence (¢gFT) and the other overexpressing FT' cDNA (cFT).
The gFT gene consisting of 2180 bp included four exons and
three introns (Fig. 4A). It also included the FT-ATR. In con-
trast, the ¢FT gene consisting of 528 bp lacks intact FT-ATR,
and thus AHL22 is unable to bind to the FT ¢<cDNA. The 35S:gFT
and 35S:cFT transgenic plants were also genetically crossed
with the late-flowering OE-AHL22 mutant, resulting in 35S:
gFT OE-AHL22 and 35S:cFT OE-AHL22 plants.
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FIGURE 4. AHL22 suppression of FT gene in flowering. A, FT gene con-
structs used. Black boxes indicate exons. B, flowering phenotypes of trans-
genic plants overexpressing either gFT or ¢FT sequences. Four-week-old
plants grown in soil under LDs were photographed (upper panel). Flowering
times were measured by counting rosette leaf numbers at bolting (lower
panel). Fifteen to 20 plants were counted and averaged for each plant geno-
type. Values are mean = S.E. G, FT transcript levels. Whole plants grown on
MS-agar plates for 10 days under LDs were used for extraction of total RNA.
Transcript levels were determined by gRT-PCR. Biological triplicates were
averaged and statistically treated (t test, *, p < 0.01). Bars indicate mean = S.E.

Both the 35S:gFT and 35S:cFT transgenic plants flowered
very early at rosette leaf numbers (RLN) of 2.1 * 0.3 and 4.6 =
0.5, respectively (Fig. 4B). The FT transcript levels were accord-
ingly elevated drastically in the transgenic plants (Fig. 4C). The
35S:gFT OE-AHL22 and 35S:cFT OE-AHL22 plants also exhib-
ited early flowering (Fig. 4B). However, counting of the RLN
revealed that the early-flowering phenotype of the 35S:gFT
transgenic plants was detectably repressed in the 35S:gFT OE-
AHL22 plants, which flowered at a RLN of 4.8 % 0.6. In contrast,
the early-flowering phenotype of the 35S:cFT transgenic plants
were suppressed only slightly in the 35S:cFT OE-AHL22 trans-
genic plants, which flowered at a RLN of 5.6 = 0.5.

Consistent with the changes in flowering times, the FT tran-
script level was detectably reduced in the 35S:gFT OE-AHL22
plants compared with that in the 35S:gFT transgenic plants (Fig.
4C). In contrast, the FT transcript level in the 35S:cFT OE-
AHL22 plants was largely unchanged compared with that in the
35S:cFT transgenic plants, which is certainly because the FT'
c¢DNA is not targeted by AHL22. These observations demon-
strate that AHL22 regulates flowering time by modulating FT
expression.
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FIGURE 5. Modifications of FT chromatin by AHL22. Relative levels of H3
modifications in FT chromatin were examined by ChIP assays using an anti-
H3Ac (A), -H3K9me2 (B), or -H3K27me3 (C) antibody. PCR primer pairs specific
to M1, M2, and M3 sequences, as shown in Fig. 2A, were used. Plants grown on
MS-agar plants for 12 days under LDs were used for chromatin preparations.
Three measurements were averaged and statistically treated (t test, *, p <
0.01). Bars indicate mean = S.E.

AHL22 Regulation of H3 Acetylation and Methylation in FT
Chromatin—Recent studies have shown that some AT-hook
proteins function in chromatin remodeling in both animals and
plants (13). MAR-binding factors play a role in gene regulation
by mediating chromatin modifications (11, 14). Our data
showed that AHL22 interacts with the FT-ATR, which has been
suggested to act as an intragenic MAR (10). We therefore exam-
ined whether AHL22 repression of FT transcription is mediated
by histone modifications.

We carried out ChIP assays on the FT chromatin using the
primer sets used in the ChIP assays on AHL22 binding to FT-
ATR (Fig. 2D). The ChIP assays revealed that H3 acetylation
(H3Ac), which is a mark for active gene expression (32), was
reduced ~70% in the FT-ATR in the OE-AHL22 mutant com-
pared with that in Col-0 plants (Fig. 54). In contrast, H3 dim-
ethylation at Lys-9 (H3K9me2), a repressive mark for gene
expression (33), increased ~2-fold in the mutant (Fig. 5B).
These observations indicate that AHL22 modulates FT chro-
matin within the FT-ATR by modulating H3 acetylation and
Lys-9 dimethylation. In contrast, H3 trimethylation at Lys-27
(H3K27me3), which is another repressive mark for gene
expression (34), was not changed to a discernible level in the
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mutant (Fig. 5C), suggesting that H3K27me3 is not involved in
the AHL22-mediated modifications of the FT chromatin.

Interactions of AHL22 with HDACs—Histone deacetylases
(HDAC:) are a group of enzymes that remove acetyl groups
from acetylated Lys residues of histone proteins (35). We found
that H3 acetylation is reduced in the FT chromatin of the OE-
AHL22 mutant. We therefore asked whether the AHL22-medi-
ated modifications of FT chromatin are related to HDACs.

We first carried out in vitro pulldown assays using recombi-
nant MBP-AHL?22 fusion protein and in vitro translated HDAC
polypeptides to examine whether AHL22 interacts with HDAC
enzymes. It was found that AHL22 strongly interacted with
HDA1/HDA19, HDA6, and HDA9 (Fig. 6A), which are
involved in flowering timing and floral architecture (35). The
three HDAC proteins did not bind to MBP alone, supporting
the specific interaction between the HDAC enzymes and
AHL22 protein.

We also carried out BiFC assays to further examine the
AHL22-HDAC interactions. The nYFP- and cYFP-coding
sequences were fused in-frame to the 5’ and 3’ ends of the
AHL22 and HDAC gene sequences, and the fusion constructs
were coexpressed transiently in Arabidopsis protoplasts.
Strong reconstituted YFP signals were detected in the nuclei of
cells coexpressing the AHL22-nYFP and HDAC-cYFP fusions
and the AHL22-cYFP and HDAC-nYFP fusions (Fig. 6B), con-
firming that AHL22 interacts with the HDAC enzymes in the
nucleus.

Dynamic dimer formation regulates the binding specificity
and affinity of transcription regulators to their target DNA or
interacting partners (36). We therefore examined whether
AHL22 forms homodimers by in vitro pulldown assays using
recombinant MBP-AHL22 proteins and [*>*S]methionine-la-
beled AHL22 polypeptides. We found that the two AHL22
forms interact with each other (supplemental Fig. S7A). In addi-
tion, BiFC assays in Arabidopsis protoplasts showed that the
two AHL22 forms interact with each other in vivo (supplemen-
tal Fig. S7B). Notably, the mAHL22 protein also interacts with
AHL22 in both in vitro pulldown assays and BiFC assays (sup-
plemental Fig. S7, A and B), indicating that the AT-hook motif
is not required for the interactions. These observations sup-
port that the AHL22 proteins form multimers, probably
homodimers.

We next examined whether HDAC activity is important for
FT regulation by employing trichostatin A (TSA) that selec-
tively inhibits class I and II mammalian HDAC enzymes (35).
Arabidopsis plants were grown for 10 days on MS-agar plates
containing 0.5 um TSA, and FT transcript levels were exam-
ined. The FT transcript level was elevated at least 7-fold in the
TSA-treated OE-AHL22 mutant (Fig. 6C). In contrast, the
AHL22 transcription was not affected by TSA under identical
conditions, indicating that HDACs participate in the AHL22-
mediated suppression of FT transcription.

Altogether, our data demonstrate that the AHL22 protein
suppresses FT' transcription by binding to the FT-ATR and
recruiting a subset of HDAC enzymes. A plausible working sce-
nario is that the AHL22-HDAC complexes deacetylate acety-
lated histones in the FT chromatin (Fig. 6D). AHL22 also regu-
lates H3 dimethylation at Lys-9, suggesting that histone
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AHL22 function in flowering.

methyltransferases are also involved in the AHL22-mediated
modification of the FT chromatin.

DISCUSSION

The AHL proteins are characterized by having two con-
served structural components: the AT-hook motif that binds to
AT-rich stretches of DNA and the plant and prokaryotic con-
served domain that mediates nuclear localization (22). Several
AHL proteins have been functionally studied in diverse aspects
of plant growth and developmental processes and stress
responses in Arabidopsis. AGF1/AHL25 is critical for the neg-
ative feedback regulation of GA3 oxidase gene (16). SOB3/
AHL29 and ESC/ORE7/AHL27 are known to regulate hypoco-
tyl growth (18). It also acts as a negative regulator of leaf
senescence (17). In addition, GIK/AHL21 plays a role in organ
patterning and differentiation (20). Furthermore, it has been
reported that AHL22 is involved in flowering induction and
hypocotyl elongation (19). Meanwhile, overexpression of the
AHL20 gene suppresses plant innate immune responses (21).
AHL15, AHL19, and AHL27 have also been implicated in
defense responses (21).

Itis notable that AHL1 binds to MARs via the AT-hook motif
(22). MARSs are specific stretches of DNA sequences that are
important for the structural organization of chromatin fibers by
anchoring chromatin loops to nuclear matrix (10). A genome-
scale study of gene expression patterns in conjunction with
screening of potential intragenic MARs has shown that Arabi-
dopsis genes possessing intragenic MARs tend to be less
expressed irrespective of plant tissues and organs and differen-
tially regulated throughout the plant growth stages (10, 11). It
has been known that MARs link AHL proteins with chromatin
modifications. For example, ESC/ORE7/AHL27 influences
chromatin architecture by modulating the distribution of H2B
(17). In addition, AHL21 represses the AUXIN RESPONSE
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FACTOR 3 (ARF3) gene by inducing H3 dimethylation at Lys-9
in the gene promoter during floral development (20).

In this work, we demonstrated that AHL22 suppresses FT
expression by binding to the FT-ATR and recruiting a subset of
HDAC enzymes, HDA1/HDA19, HDA6, and HDA9. The early-
flowering phenotype of the 35S:gF T transgenic plants was com-
promised in the OE-AHL22 background (35S:¢FT OE-AHL22).
Consistent with the changes in flowering time, the FT tran-
script level was reduced in the 35S:¢FT OE-AHL22 plants com-
pared with that in the 35S:gFT transgenic plants. In contrast,
the early-flowering phenotype of the 35S:cFT transgenic plants
was reduced only slightly in the OE-AHL22 background (35S:
cFT OE-AHL22), which is obviously because the FT'cDNA does
not have intact FT-ATR to which AHL22 binds.

More work is required to determine whether AHL22 is a
bona fide MAR-binding factor and the FT-ATR is an intragenic
MAR. The FT-ATR has been predicted as an intragenic MAR
(10). A major group of MAR-binding factors possesses the AT-
hook motif (13). AHL1 is associated with the nuclear matrix
(22). It is therefore likely that AHL22 acts as a MAR-binding
factor in Arabidopsis.

Our data strongly support that AHL22 regulates FT expres-
sion by modulating histone acetylation and methylation
through physical interactions with HDACs and presumably
methyltransferase enzymes. Whereas the level of H3Ac was
reduced, that of H3K9me2 was elevated in the FT chromatin of
the late-flowering OE-AHL22 mutant, whereas H3K27 trim-
ethylation may not be involved in FT control (Fig. 5). The phys-
iological significance of the AHL22-HDAC interactions in FT
regulation and thus flowering time control is further supported
by the effects of the HDAC inhibitor TSA on FT expression in
the OE-AHL22 mutant. However, the role of the AHL22-
HDAC interactions in flowering time control likely is more
complicated than the proposed working model (Fig. 6D). AHL
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proteins are functionally redundant, and at least several AHL
proteins are apparently involved in flowering time control (18,
19, 21), suggesting that different AHL proteins may interact
with different HDAC enzymes. This view entails that various
combinations of AHL-HDAC complexes would bind to the FT-
ATR, depending on developmental and environmental signals.

We observed that LFY and API genes, in addition to FT, are
also suppressed in the OE-AHL22 mutant (supplemental Fig.
S3A). In addition, AHL22 bound to the intragenic and inter-
genic ATR sequences in the AP1 and LFY loci, respectively. It is
therefore likely that the AHL22-HDAC complexes also regulate
the chromatin status of LFY and API genes and other flowering
time genes in addition to the FT gene. This signaling complexity
may explain the relatively small changes of FT transcript levels
and the timing of flowering initiation observed in the 35S:gFT
OE-AHL22 plants compared with those in the 35S:gFT trans-
genic plants. Further work is necessary to determine how much
the AHL22-HDAC regulation of FT chromatin contributes to
the role of FT in flowering time control. In addition, the role of
endogenous and environmental factors in regulating AHL22
activity should also be investigated.

Coordinated histone modifications mediate epigenetic regu-
lation of gene expression in plants. One of the most extensively
studied is epigenetic regulation of the floral repressor FLC. It
has been known that epigenetic regulation of the FLC gene is
mediated by complex networks of histone acetylation and
methylation events. Activation of the FLC expression is
achieved through several active chromatin modifications, such
as acetylation of core histone tails, H3K4 methylation, and
H3K36 dimethylation and trimethylation (6). In contrast,
repressive histone modifications, including histone deacetyla-
tion, H3K4 demethylation, H3K9 and H3K27 methylation, and
histone arginine methylation, repress the FLC expression (6).

Histone modifications in FT chromatin have recently been
studied. Whereas H3K4 trimethylation in the FT chromatin is
associated with FT activation, H3K27 trimethylation is associ-
ated with FT repression. It has been found that the H3K27
methyltransferase CURLY LEAF (CLF) represses FT expres-
sion (37). In addition, the chromodomain-containing LIKE
HETEROCHROMATIN PROTEIN 1 (LHP1) protein binds to
H3K27me3 in the FT chromatin and maintains the repressive
state of FT expression (38). However, there is little known about
the role of histone acetylation/deacetylation in the FT chroma-
tin. We found that AHL22 binds to an AT-rich DNA sequence
in the FT locus and reduces H3 acetylation. We also found that
H3 dimethylation at Lys-9 is elevated in the FT chromatin of the
OE-AHL22 mutant. It seems that the FT chromatin is regulated
through coordinated actions of histone acetylation and methy-
lation, although not precisely in the way that epigenetic modi-
fications control the FLC gene.

HDAC enzymes play a role in global gene repression during
developmental processes and stress adaptation responses in
plants (35). AHL22 physically interacts with HDA1/HDA19,
HDA6, and HDA9, which are homologous to yeast RPD3
(reduced potassium deficiency 3) and belong to the type I
HDAC subfamily (35). In Saccharomyces pombe, mutations in
the subunits of class  HDAC complexes affect H3K9 methyla-
tion (39), indicating that Lys-9 deacetylation is a prerequisite
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for subsequent H3 methylation. We found that H3K9 dimethy-
lation was elevated in the FT chromatin of the OE-AHL22
mutant. Based on the previous and our own data, we believe
that AHL22 regulates the FT chromatin in a similar manner to
the yeast RPD3: H3 deacetylation by HDAC enzymes may pre-
cede H3K9 dimethylation to suppress FT expression. In this
view, it is envisaged that AHL22 may also interact with histone
methyltransferases (Fig. 6D).
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