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Figure 3. Altered sub-nuclear localization of LHP1-CD*-GFP. (A) Wild-type (Col, left) and Ihp1-7(CD*) (right) after five weeks of growth under
long day photoperiod. (B) LHP1 35S:LHP1-GFP (left) and |lhpl-7(CD*) 35S::LHP1-GFP (right) plants. Plants are in the msil-tapl background. (C-K)
35S::LHP1-GFP (C-F) and 35S::lhp1-7(CD*)-GFP plants (G-K) were used to analyze protein localization in leaf nuclei. Protein localization was detected by
confocal laser scanning microscopy of GFP-fluorescence (C, G) or by immuno-localization (D, H). (E, I) DAPI-staining of the nuclei in D and H; merged
images of D and E (F) and of H and | (K). (L) ChIP assays for binding of LHP1-GFP and LHP1-CD*-GFP to the AG and SEP3 loci. Top: Genomic structure of
AG and SEP3. Lines represent introns, narrow bars 39 and 59 UTRs and wide bars represent coding exons. Black lines represent regions probed by
gPCR. Values are recovery as percent of input; IgG served as negative control.

doi:10.1371/journal.pone.0005335.g003

Arabidopsis LHP1 was initially identified genetically for its
terminal flower phenotype [10]. Both /ip1-6(null) and ip1-7(CD¥)
have the terminal flower phenotype, but /ipi-7(CD*) formed the
terminal flower later than pl-6(muil) (Fig. 6A). Consistently,
primary stem growth ceased much earlier in /ip7 mutants than in
wild-type plants, but later in /apl-7(CD*) than in hpl-6(null)
(Fig. 6B, C). In both /zp1 alleles, not only duration of primary stem
growth but also growth rates were reduced (Fig. 6D). Together,
Ihp1-7(CD*) is phenotypically similar to lip1-6(null) during early
plant development, but has a slightly milder phenotype late in
development.

Silencing of PcG target genes is lost in Ihpl-7(CD*)
mutants

Flowers produced late during /pi-6 and lhpI-7(CD*) develop-
ment often have supernumerary, missing or deformed organs
(Fig. 7A-C), which may be caused by deregulation of floral
homeotic genes. AG and SEP3 were ectopically expressed in lipl-
6(null) and lhp1-7(CD*) rosette leaves (Fig. 7D). Similarly, MEDEA
and AGL19, two PcG targets [24,25], were de-repressed in both
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lhpl alleles (Fig. 7D and data not shown). The observation that
there was no reactivation of transposons or pseudogenes
(At4g03760, MUI, TA2) or of targets of the RNA-dependent
DNA-methylation pathway (/G/LINE, IG2, IG5, RPLIS) (Fig. 7TE
and data not shown) confirmed that loss of LHP1 does not affect
silencing in heterochromatin [13,14].

Together, our results show that similar to /ip7-6(null) major
developmental regulatory genes (e.g., FT, AG and SEP3) are not
repressed in lip1-7(CD*) at times when they should be silent. Thus,
we conclude that specific binding of LHP1 to H3K27me3 is
essential to maintain repression of PcG target genes.

Discussion

In animals, PRC2 complexes set H3K27me3 marks, which
assist to recruit PRC1 to mediate stable silencing [2]. Plant LHP1
proteins are similar to metazoan HP1, but could have PRC1
functions. Phylogenetic analysis suggests that the LHP1 and HP1
protein subfamilies have strongly diverged (Fig. 8). In addition to
Arabidopsis, genes for LHP1 homologues were previously
described for multiple mono- and dicotyledonous plant species
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Figure 4. Early flowering of /hpI mutants. (A) Rosette leaves produced until bolting in long days (LD). (B) Phase transition in LD. (C) Rosette
leaves formed until bolting in SD. Values in (A-C) are mean6 S.E. (n$7). (D) FT expression at ZT = 4h (ZT, zeitgeber time; ZT =0 is lights on) in 12 days
old seedlings from LD and at ZT=6h in 14 days old seedlings from SD. Samples were taken at times when FT expression in wild-type is low [43].
Values in D are mean6 S.E. (n=4). Note that expression values for LD and SD were independently normalized to the corresponding wild-type. For all
panels: White, grey, and dark-grey bars represent wild-type, lhp1-6(null) and Ihp1-7(CD*), respectively.

doi:10.1371/journal.pone.0005335.g004

such as apple, rape seed, carrot, tomato, rice and maize the genomes of the chlorophyte algae Volvox carteri and Chlamydo-
[11,12,26]. We found LHP1 homologues also in the genomes of monas remhardtii, suggesting that the presence of LHP1 is linked to
poplar (Populus trichocarpa), of a lycophyte (Selaginella moellendorffir), multicellular development in the plant kingdom. Because chro-
an ancient vascular plant lineage, and of a moss (Physcomitrella matin immunoprecipitation has shown that LHP1 binding
patens). In contrast, we failed to identify LHP1 or HP1 homologs in overlaps with H3K27me3 and LHP1 can bind H3K27me3
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Figure 5. Altered leaf development in /hpI mutants. (A-C) Adaxial epidermis of Col (A), Ihp1-6(null) (B) and Ihp1-7(CD*) (C) leaves. (D) Area of
first and second rosette leaf after bolting (n$11). (E) Cell size in the adaxial epidermis of the first and second rosette leaves (n$244). (F) Estimated cell
number in the adaxial epidermis of the first and second rosette leaf. For all panels: White, grey, and dark-grey bars represent wild-type, Ihp1-6(null)
and |lhp1-7(CD*), respectively. Values in (D-F) are mean6 S.E.

doi:10.1371/journal.pone.0005335.g005
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Figure 6. Altered shoot development in Ihpl mutants. (A) The
total number of reproductive organs (siliques, flowers and flower buds)
on the primary shoots of five weeks old plants from LD. Values are
mean6 SE. (n$8). (B) Example of the growth curve of a wild-type
plant’s primary shoot. (C) Length of linear growth phase. (D) Growth
rates during linear growth phase of primary shoots. Values in (C, D) are
averages over two experiments with n$9 per experiment. For all
panels: White, grey, and dark-grey bars represent wild-type, lhp1-6(null)
and lhp1-7(CD*), respectively.

doi:10.1371/journal.pone.0005335.g006

vitro, it was suggested that the chromodomain-protein LHP1 is a
PRC1 equivalent of plants [15,16]. In contrast to animals,
however, where PRCL1 is needed for spreading of H3K27me3
over extended regions, in plants loss of LHP1 does not affect
genomic H3K27me3 distribution [15].

The Chromodomain of LHP1

Three aromatic residues form the binding cavity for methylated
lysines of H3 in the chromodomain of animal HP1 and Pc
[3,20,21,27]. Based on protein homology modeling, the chromo-
domain of plant LHP1 forms a similar binding pocket. Therefore
we suggest that the novel lhpl allele /zp7-7(CD*) has a defective
binding pocket for the quaternary ammonium group because the
preference of LHP1 for H3K27me3 over H3K27 was lost for
LHP1-CD*. Energy calculations using CHARMM [28] and the
CHARMM [29] force field are in qualitative agreement with the
relative affinities measured by the pull-down assay. A quantitative
agreement is not expected because of approximations inherent to
the force field and the qualitative nature of the pull-down assays.
An LHP1-CD*-GFP fusion did not efficiently bind to target gene
chromatin and had lost its correct sub-nuclear distribution,
suggesting that chromodomain-mediated binding to H3K27me3
is essential for LHP1 targeting i wvivo. In contrast, the
chromodomain might not be necessary for targeting of animal
HP1 in vivo [30-32].

Mutations in Arabidopsis LHP1 strongly affect development
[10,12]. The phenotype of the iap1-7(CD*) allele was very similar
to that of an /il null allele, suggesting that LHP1 function
requires an intact chromodomain. Because only LHP1-GFP but
not LHP1-CD*-GFP could rescue /ip! mutants, LHP1-CD* has
no or strongly reduced biological activity. Residual binding of
LHP1-CD* to H3K27me3 could explain the phenotypic differ-
ences between /ip-7(CD*) and lhp1-6(null) plants.

Loss of LHP1 or PRC2 share many similar developmental and
molecular effects. Our experimental results, supported by
homology modeling and previous reports, have revealed that
LHP1 contributes to PRC1-like functions in plants and that
chromodomain-mediated binding to H3K27me3 is required for
this activity.

Materials and Methods

Plant material and growth conditions

All mutants used are in the Columbia (Col) wild-type accession
of Arabidopsis thaliana. The ddm1-2 allele was described before [33].
A new /ipl allele, irpl-6, was identified in the SALK T-DNA

- — MEA
SEP3 .

At4g03760
Mut
Ta2

Figure 7. Loss of silencing at PcG targets and maintenance of silencing at heterochromatic loci in lhp1l mutants. (A-C) Flowers of wild-
type Col (A), lhp1-6(null) (B) and Ihp1-7(CD*) (C) produced late during development. (D) Expression of PcG targets in seedlings at ZT =5h after 16 days
in LD. (E) Expression of heterochromatic loci in rosette leaves at ZT =5h after 25 days in LD. RNA from ddm1-2 was used as positive control.

doi:10.1371/journal.pone.0005335.g007
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function (¢ = 4r). During minimization, harmonic constraints with
a force constant of 2.5 Kcal/mol/A2 were added to the blocking
groups. The starting position of the trymethylated lysine residue
was obtained by superimposing 1PDQ to each model. The
interaction energy between the protein and the trymethylated/
unmethylated lysine residue was calculated by INTE command of
CHARMM. Given the approximations inherent to the force field
and the homology models, only a qualitative agreement with
experimental data is expected.

Chromatin Immunoprecipitation

Chromatin isolation was performed as described previously [24]
using 15d-old seedlings. Chromatin immunoprecipitation was
done using the LowCell# ChIP kit (Diagenode, Liege, Belgium)
according to manufacturer’s instructions. The following antibodies
were used: Polyclonal anti-H3 antibody (# 01-690, Upstate,
Charlottesville, VA), polyclonal anti-GFP antibody (# A11122,
Molecular Probes Invitrogen, Basle, Switzerland) and non-immun
IgG (Diagenode). Presence of AG and SEP3 fragments was
determined by gPCR using the Universal Probe system (Roche).

Sequence alignment and phylogenetic analysis

Protein sequences of HP1 and LHP1 proteins were selected
based on previous publications [16,26] and on BLAST searches
with the Arabidopsis LHP1 sequence using the DOE Joint
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