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Abstract The HP1 family proteins are involved in several
aspects of chromatin function and regulation in Dro-
sophila, mammals and the fission yeast. Here we inves-
tigate the localization of LHP1, the unique Arabidopsis
thaliana HP1 homolog known at present time, to ap-
proach its function. A functional LHP1-GFP fusion
protein, able to restore the wild-type phenotype in the
[hp1 mutant, was used to analyze the subnuclear distri-
bution of LHPI in both A. thaliana and Nicotiana
tabacum. In A. thaliana interphase nuclei, LHP1 was
predominantly located outside the heterochromatic
chromocenters. No major aberrations were observed in
heterochromatin content or chromocenter organization
in /hpl plants. These data indicate that LHP1 is mainly
involved in euchromatin organization in A. thaliana. In
tobacco BY-2 cells, the LHP1 distribution, although in
foci, slightly differed suggesting that LHP1 localization
is determined by the underlying genome organization of
plant species. Truncated LHP1 proteins expressed in
vivo allowed us to determine the function of the different
segments in the localization. The in foci distribution is
dependent on the presence of the two chromo domains,
whereas the hinge region has some nucleolus-targeting
properties. Furthermore, like the animal HPI1fS and
HP1y subtypes, LHP1 dissociates from chromosomes
during mitosis. In transgenic plants expressing the
LHP1-GFP fusion protein, two major localization pat-
terns were observed according to cell types suggesting
that localization evolves with age or differentiation
states. Our results show conversed characteristics of the
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Introduction

Heterochromatin protein 1 (HP1) was originally identi-
fied as a non-histone component of heterochromatin
associated with position effect variegation control. Since
then, HP1-like proteins were identified from fission yeast
to drosophila mammals and plants, each organism
containing one to three isoforms. The HP1-like family is
involved in chromosome condensation and segregation,
in telomere organization, in nuclear architecture, in
control of development and cell cycle by generating and
maintaining a silent chromatin structure (Li et al. 2002;
Maison and Almouzni 2004).

This functional diversity arises from the specific and
conserved structure of the HP1-like proteins. They are
characterized by the presence of two sequence-related
modules, the amino-terminal chromo domain (CD) and
the carboxy-terminal chromo shadow domain (CSD),
separated by a variable intervening ‘hinge” region
(HR). These modules participate in protein—protein
interactions and in nucleic acid binding (Li et al. 2002;
Maison and Almouzni 2004). Thus HPI1-like proteins
are molecular adaptors that participate in multiple dis-
tinct nucleoprotein complexes with various structural
and regulatory functions.



In Arabidopsis thaliana, a HP1 homolog, LHP1, was
isolated independently in screens for early flowering
plants (Gaudin et al. 2001), for alterations of inflores-
cence morphology (Larsson et al. 1998; Kotake et al.
2003) or for altered leaf glucosinolate levels (Kim et al.
2004). The lhpl/tfi2/TUS allelic mutations have pleio-
tropic effects, and affect flowering time, photoperiod and
temperature sensitivity, plant architecture, leaf mor-
phology, inflorescence determinacy and hormone levels
(Larsson et al. 1998; Ludwig-Miiller et al. 1999, 2000;
Gaudin et al. 2001; Kotake et al. 2003; Takada and
Goto 2003). Furthermore, LHP1 was shown to interact
in vitro with the histone H3 dimethylated at lysine 9
(Jackson et al. 2002), a hallmark of silent chromatin
recognized by the CD of HP1 proteins (see references in
(Berger and Gaudin 2003)). In vitro interaction between
LHP1 and NtSET]1, a tobacco histone methyltransferase
and their colocalization were also reported (Yu et al.
2004). Taken together, these data suggest that LHP1
plays a role in gene regulation and developmental con-
trol by establishing and maintaining specific silent
chromatin domains.

On the contrary to A. thaliana, where a unique HP1
homolog was recorded in its sequenced genome (Gaudin
et al. 2001; ChromDB, http://chromdb.org/), mammals
have three HP1 isoforms (o, f8, 7). Despite similarities in
structure and sequences, the three mammal isoforms
have non-redundant functions or even opposite effects
on gene regulation as described for HP1a and HP1y (Li
et al. 2002). These three HP1 subtypes present hetero-
geneous patterns of nuclear localization and differ in
their recruitment to euchromatin and heterochromatin
both in interphase and during cell cycle (Yamada et al.
1999; Minc et al. 2001; Sugimoto et al. 2001; Hayakawa
et al. 2003). These data highlight various functions for
HPI1-like proteins and thus question the function of
LHPI1 in plants. Here we investigate the nature of the
LHP1-associated chromatin domains for the purpose of
better understanding the LHP1 function.

We have analyzed the subnuclear distribution of
LHP1 in A. thaliana and Nicotiana tabacum, two species
characterized by different genome sizes and different
heterochromatin contents. The impact of the Ilhpl
mutation on the nuclear organization was studied.
Furthermore, the dynamics of the LHP1 distribution
was analyzed throughout the cell cycle and development.
These data highlight some aspects of the LHP1 function
in plants compared to animals.

Materials and methods
Plant materials

The lhpl-1 and lhpl-2 mutants were isolated from the
Versailles T-DNA insertion collection of A. thaliana
(Gaudin et al. 2001). For flowering time analyses, plants
were grown in growth chambers under short-day (SD; 8-
h light/16-h dark, with alternate 20°C/16°C tempera-
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tures), or long-day (LD; 16-h light/8-h dark, at 20°C
constant temperature) conditions. The N. tabacum L. cv.
Bright Yellow 2 (tobacco BY-2 or TBY-2) cell line was
obtained from C. Bergounioux (IBP, Orsay, France).
The cell line was grown in the dark, at 24°C, under
constant shaking and maintained by weekly subcultures
(Nagata et al. 1992).

TBY-2 cell synchronization and mitotic events

For synchronization, 4 ml of stationary phase cell culture
was transferred to 40 ml fresh medium supplemented by
2 pg/ml aphidicolin (Sigma) (Planchais et al. 1997). After
24 h at 24°C, aphidicolin was removed by centrifugation,
the pelleted cells were washed and resuspended in fresh
medium. The mitotic peak could be observed at 9-10 h
after the aphidicolin release. To obtain a highly syn-
chronized cell population starting at the M phase, the
aphidicolin-treated cells were subsequently cultivated
with 1.6 pg/ml propyzamide (Sigma) for at least 10 h
before analysis. The second inhibitor was removed by
centrifugation and two additional washes. Mitosis was
visualized with DRAQ5™ (Biostatus).

Nuclease assay

To prepare nuclei, 5 g of seedlings was ground in a
prechilled mortar on ice, with 20 ml of cold nuclei iso-
lation buffer [NIB: 10 mM Tris—=HCI pH 7.5, 0.7 M
sorbitol, SmM MgCl2, 5SmM p-mercaptoethanol,
1 mM Pefabloc®SC (Pentapharm, Basel, Switzerland)].
After filtration through a nylon mesh, the filtrate was
centrifuged (10 min, 200 g, 4°C). The nuclei were wa-
shed twice and resuspended in NIB. The quality and
concentration of the nuclei were checked by staining an
aliquot with 30 pg/ml Hoechst 33342 [1 vol in 1 vol of
4% paraformaldehyde in 1xPBS (137 mM, NaCl,
27mM KCl, 43mM Na,HPO, 2H,0, 1.4 mM
KH,PO,, pH 7.3)] and by observations on an epifluo-
rescence microscope. DNA concentration was estimated
after phenol/chloroform DNA extraction, ethanol pre-
cipitation, resuspension in water and OD,g, measure-
ment. The nuclei were resuspended in NIB supplemented
with 3 mM CacCl, to obtain a 0.1 pg/pl equivalent DNA
concentration. The samples were incubated at 30°C with
the Micrococcus aureus endonuclease (MNase, Fermen-
tas) (0.25 U/ul final concentration). At various time
points, 80 ul aliquots were taken, the reaction was
stopped by an addition of 329 ul of stop solution
(150 mM NaCl, 1% SDS, 20 mM EDTA), and incu-
bation 10 min at 37°C. After digestion, nuclei were lysed
and incubated with proteinase K (0.5 mg/ml), 30 min at
55°C, then 140 pl of 5 M potassium acetate was added.
After 15 min on ice, the tubes were centrifuged (15 min,
12,000 g, 4°C). The supernatants were extracted with
phenol/chloroform/isoamyl alcohol (24:24:1) and DNA
was precipitated. The DNA pellet was resuspended,
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treated with RNase A and the MNase digestion prod-
ucts were analyzed in 1.6% agarose gel.

Construction of the fusion proteins

PCR fragments corresponding to LHPI or truncated
LHPI (LHPA) coding sequences were amplified using
the pFLcbx5 plasmid as template (Gaudin et al. 2001).
The following primers were used: LHP1 (aa 1-445),
primers LHPOl (5GAAGATCTTCCATGGCAATGA
AAGGGGCAAGTGGT?) and LHP02 (STCAGATCTA
CCCATGGAAGGCGTTCGATTGTACTT?3’); LHPC
(aa 162-445), primers LHP03 (5GAAGATCTT
CCATGGGAAAGCCTGGTAGGAAAC3?') and LHP02;
LHPNH (aa 1-378), primers LHPOl1 and LHPO04
(5TCAGATCTACCCATGGACTCAATCTTGGTTT
TCTG3’); LHPH (aa 162-378), primers LHP03 and
LHP04; LHPCSD (aa 378-445), primers LHPOS5
(5GAAGATCTTCCATGGAGGAGTTGGACATCA
CG3’) and LHP02; LHPN (aa 1-194), primers LHPO1
and LHP06 (STCAGATCTACCCATGGACTCA
GTAGCATCATGTGA3). PCR fragments were
digested with Ncol (underlined restriction site), and in-
serted at the Ncol restriction site of the pAVA121 vector
harboring the S65T GFP protein driven by the 35S
CaMV promoter (Gaudin et al. 2001). LHP1 and trun-
cated LHPI proteins were fused to the N-terminal
region of the GFP. The bipartite NLS of the VirD2
protein was fused to the C-terminal end of the
LHPCSD-GFP fusion (Gaudin et al. 2001). Sequencing
was performed to verify the constructs. The 35S::LHPA-
GFP constructs were introduced into the pCambial300
binary vector (http://www.cambia.org/pCAMBIA_vec-
tors.html), transferred into the GV3101 (pMP90)
Agrobacterium tumefaciens strain. Arabidopsis transfor-
mations were performed as in Gaudin et al. (2001).

Agrobacterium transformation

A. thaliana in planta transformations were performed
and transgenic plants were selected as described by
Gaudin et al. (2001). The establishment of stable TBY-2
transgenic cell lines was carried out as described by
Trehin et al. (1997). Independent calli were obtained,
transferred to liquid medium and maintained by weekly
subcultures.

Heterochromatin content quantification and FISH
analysis

The relative heterochromatin fraction (RHF) was
established by determining the fluorescence of all chro-
mocenters relative to the fluorescence intensity of the
entire nucleus (Soppe et al. 2002). Fluorescence in-situ
hybridizations (FISH) experiments were carried out as
described in Fransz et al. (1998). The following probes
were used: pALI, containing the centromeric 180 bp, the

pericentromeric 5S rDNA (Fransz et al. 1998) and 45S
rDNA (Gerlach and Bedbrook 1979).

Staining and fluorescence observations

Cell walls were visualized after incubating in a propidi-
um iodide (PI) solution (5 pg/ml). According to tissues
and species, various DNA-specific fluorescent dyes were
used: DAPI (4’,6-diamidino-2-phenylindole), Hoechst
33342 or DRAQ5™. For coupled detections of DAPI
and GFP, A. thaliana tissues were gently fixed in 4%
paraformaldehyde in PBS for 2 min and incubated with
a DAPI solution (10 pg/ml) for 30—50 min. Methylated
DNA was detected using anti-5methyl-cytosine (Euro-
gentec) as described previously (Soppe et al. 2002). To
visualize DNA content of TBY-2 cells, cells were incu-
bated in 80 pg/ml of Hoechst 33342 solution without
fixation. PI and GFP fluorescence observations were
performed on a LEICA TCS-NT laser scanning confo-
cal microscope (Leica Microsystems, Heidelberg, Ger-
many) as previously described (Gaudin et al. 2001) and
DAPI/GFP observations on a LEICA TCS-SP2 spectral
confocal microscope equipped with AOTF for excita-
tion, with a water-cooled argon-UV laser (351 and
364 nm, Spectra-Physics 2020-05), and with an air-
cooled argon-visible laser (488 nm). Observations were
realized with a BP340-380/LP425 filter for DAPI and
with a BP460-500/BP512-542 for GFP. The public Im-
agelJ software (NIH, USA) was used to analyze DAPI
and GFP fluorescence intensity profiles. Representative
images were chosen to illustrate the observations.

RT-PCR analyses

Total RNAs were prepared from seedling using the
TRIzol reagent (Life Technologies). 1-2 pg of DNase
treated total RNAs were used to perform RT-PCR
(Gaudin et al. 2001) with oligonucleotides Mavll
(5GAGGAGTTGGACATCACGAAG3) and GFP4
(5TGACTTCAGCACGTGTCTTG?’), specific for the
LHPI1-GFP fusion. 28-32 cycles were used. The number
of cycles chosen was shown to be in the linear range of
the reaction in a separated experiment using different
amounts of cDNA template. Two biological and three
technical repetitions were analyzed. The amplified PCR
products were separated on an agarose gel and quanti-
fied using a GelDoc 1000 (BioRad) imaging system. The
level of expression of the adenine phosphorybosyl
transferase (4PT1) was measured in each sample and
used to normalize the results (Gaudin et al. 2001).

Results

Expression of a LHP1-GFP fusion protein
is able to rescue the lhpl mutation

Previous experiments in tobacco protoplasts have shown
a nuclear localization of LHP1-GFP fusion protein with



a specific foci distribution (Gaudin et al. 2001). These
preliminary observations were realized after transient
expression in a heterologous system. To further inves-
tigate the subnuclear localization of LHP1 in planta, we
stably introduced a LHP1-GFP fusion construct into 4.
thaliana wild-type and [lhpl-1 mutant plants. Several
independent transgenic lines (lhpLG) were obtained, of
which six lines were further analyzed. Based on plant
morphology and architecture, three phenotypic groups
could be identified (Fig. 1). The transgenic plants in the
first group (lhpLG1-3), had similar phenotype to lhpl-1
(early flowering and dwarf plants with a curled leaf
phenotype) or an even more affected phenotype
(lhpLG1, smaller plants than /Apl-1 with very curled
leaves). The second group (lhpLLG4) contained plants
with an intermediary phenotype, while in the third one
(IhpLG5-6), restoration of a normal rosette and leaf
phenotypes was observed. Flowering time phenotypes of
the transgenic plants were recorded (Table 1), and re-
vealed partial restoration especially in SD. The lhpl
mutant phenotype being very pleiotropic, the degree of
restoration slightly varied according to observed phe-
notypic traits. The level of expression of the LHPI-GFP
transgene was recorded by semi-quantitative RT-PCR
for each line and the data showed a good correlation
between the phenotype and the level of transgene
expression (data not shown). Plants with normal rosettes
(IhpLG4-6) showed a high level of LHPI-GFP expres-
sion (one- to threefold the expression level of APTI, a
constitutive gene), whereas a low level of expression was
found in plants with the mutant phenotype (lhpLG1-3).

Fig. 1 a—f Transgenic A4.
thaliana plants bearing the
LHP1-GFP fusion protein
(LG). Rosettes of 3-week-old
plants, cultivated in LD
conditions, visualized at the
same magnification. a Wild-
type plant; b WtLG1; ¢ lhpl-1
mutant plant; d—f lhpLGl1, 4
and 5, respectively
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The LHPI-GFP expression of the first and third groups
differed by a factor 6-13. Therefore, we conclude that
the LHP1-GFP fusion is functional in planta, being able
to restore most of the pleiotropic traits of the /hpl mu-
tant such as leaf morphology and plant architecture.
Wild-type plants were also transformed with the
35S::LHP1-GFP construct (WtLG plants) and did not
show any peculiar phenotype (Fig. 1).

Distribution of LHP1-GFP and chromatin organization
in the lhpl mutants imply a predominant euchromatic
function of LHP1

LHP1 localization studies were performed in both
WtLGI1 and lhpLGS transgenic lines, both of which
have a phenotype close to normal. Similar GFP fluo-
rescence patterns were observed in the two lines (data
not shown). A fluorescent nucleoplasm with small fluo-
rescent foci was observed with exclusion from the
nucleolus (Fig. 2). To determine the nature of the LHP1
foci, the GFP and DAPI fluorescent patterns were
compared (Fig. 2). Line-scan analysis generally revealed
no overlap of the LHP1-GFP signals with DAPI-bright
chromocenters. These are known to be the nuclear do-
mains of heterochromatin in A. thaliana (Fransz et al.
1998, 2002). Partial overlap between GFP-LHP1 and
chromocenters was observed in less than 10% of the
cases. These data suggest that LHP1 is mainly associated
with the euchromatic fraction.
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Table 1 Flowering responses of A. thaliana LG transgenic plants.
Plants were grown under short-day (SD) or long-day (LD) con-
ditions. Flowering time (FT) expressed in days from sowing to the
appearance of a 0.2-cm stem and numbers of rosette leaves (RL)
were recorded on 6-10 plants. + Standard deviation

In SD In LD

FT RL FT RL
Wt 60.5+1.6 539+34 25.5+0.8 10+0.5
lhpl-1 39.5+1.7 14.6+0.7 20.6+0.9 79+0.6
WtLG1 66.8+2.1 55.8+6.5 244414 9.4+1.1
WtLG2 66.7+4.8 47.3+8.6 24.04+0.9 9.1+0.6
WtLG3 64.6+3.2 51.6+11.9 244+1.8 9.5+1.1
IhpLGl1 37.1+£1.2 11.9+0.6 18.3+£0.5 6.3+0.5
lhpLG2 36.1+£2.2 11.6+1.1 18.9+0.6 6.6+0.7
IhpLG3 38.0+£2.3 12.0+£0.9 18.2+0.4 6.2+0.4
lhpLG4 42.1+£2.3 17.4+1.1 21.24+0.8 7.94+0.7
lhpLGS 44.8+4.3 17.6+£0.9 22.0+0.8 8.5+0.9
IhpLG6 51.8+1.7 18.4+2.1 22.1+1.1 8.5+0.5

To define whether LHP1 has impacts on chromatin
organization, we examined the heterochromatin con-
tent in wild-type and /hpl mutant nuclei. DAPI stain-
ing was performed on lhpl-1, lhpl-2 and wild-type
nuclei isolated from different organs and the hetero-
chromatin fraction was determined (Fransz et al. 1998;
Soppe et al. 2002). To minimize the developmental

differences between the wild-type plant and the /ipl
mutant, which flowers earlier than the wild type, we
examined nuclei from sepals and petals isolated at the
same developmental stage. The shape, size or number
of chromocenters did not significantly differ between
lhp1 and wild-type nuclei (Fig. 3) neither did the rela-
tive heterochromatic fractions (RHF; Fig. 3c). In ro-
sette leaves, the RHF slightly varied in wild-type plants
during the analyzed developmental window and to a
lower extent in the mutants. This could suggest a minor
role for LHP1 in heterochromatin formation during
development or cell differentiation. To test a further
role of LHP1 in the organization of heterochromatic
chromocenters, FISH experiments were carried out
using the centromeric 180-pb repeat, 5S rDNA peri-
centromeric and 45S rDNA probes. The corresponding
genomic sequences were previously shown in chromo-
centers (Fransz et al. 2002). No major differences in
their organization could be observed between mutant
and wild-type plants (Fig. 3d, g).

To examine if the /hpl mutation affects chromatin
condensation, treatments with the Micrococcus aureus
MNase were performed on wild-type and /Ap/ mutant
nuclei (Fig. 4). At a global level, chromatin of /hipl
nuclei was more rapidly digested than wild-type chro-
matin, suggesting a higher accessibility to nucleases
and consequently, a lower compaction level. As

Fig. 2 Localization of LHP1-GFP in the transgenic A. thaliana
lhpLGS line. Confocal projections of a root hair nucleus. a GFP
fluorescence; b overlay; ¢ DAPI coloration; a section throughout
the nucleus was analyzed using the ImageJ software; d GFP and e

DAPI fluorescences; f profiles of GFP (green) and DAPI (blue)
fluorescence intensities on the white line; profiles throughout a
guard cell nucleus (g) and a epicotyl cell nucleus (h). Scale bar:
10 pm
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Fig. 3 a—g Heterochromatin organization. Phenotypes of A.
thaliana wild-type (a) and /hpl-1 (b) nuclei isolated from petals
and stained with DAPI. ¢ Relative heterochromatin fraction (RHF)
in wild-type and /hp1 nuclei isolated from leaves, sepals and petals.
Leaves were isolated from 12-day-old (stage I) and 17-day-old
(stage II) rosettes. d—g Fluorescence in-situ hybridizations per-
formed to compare the structure of the chromocenters in wild-type
and /hipl mutant plants. Wild-type (d, f) and /ipl nuclei (e, g) were
isolated from rosette leaves. Pericentromeric (red) and rDNA
(green) probes (d—e) or the 180-bp centromere repeat probe (red,
f-g) were used. Nuclei were counterstained with DAPI. Scale bar:
10 pm

heterochromatin represents only a reduced fraction of
the A. thaliana genome (10-15%), these significant
differences are likely to concern the euchromatic frac-
tion of the genome.
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Fig. 4 Chromatin accessibility assessed by sensitivity to MNase
digestion on wild-type and /AhpI nuclei. Nuclei were treated with
MNase (0-60 s). After DNA extraction, the digestion products
were analyzed by electrophoresis. A ladder of polynucleosomes is
observed after 30 s on the /ipl nuclei (1: mononucleosome, 2:
dinucleosomes...). Ld: 100 bp DNA Ladder, a: 600-bp fragment

Influence of the size of the genome on the LHPI local-
ization

To test whether the genome organization has effects on
the LHP-GFP localization and whether LHP1 function
may diverge in different species, the fusion protein was
introduced into N. tabacum, which has a genome 45
times larger than the A4. thaliana genome. Several inde-
pendent transgenic tobacco TBY-2 cell lines expressing
the LHP1-GFP fusion protein were generated and
analyzed. All transgenic lines presented the same local-
ization pattern (data not shown). The LHPI1-GFP
fusion protein was visible in the nucleus as bright
GFP-fluorescent foci dispersed in a fluorescent nucleo-
plasm, but excluded from the nucleolus (Fig. 5a—f). In
TBY-2 nuclei, intense DAPI-stained regions have been
distinguished, although these regions were less precisely
defined and more diffused than the DAPI-stained
chromocenters in A. thaliana. Combined GFP and
DAPI fluorescence detection as well as line-scan analysis
of the superimposed images revealed that most of the
GFP-fluorescent foci overlapped with DAPI-stained
domains (Fig. 5).

To better understand the GFP-LHP1 distribution in
tobacco, we investigated the nature of DAPI-stained
regions in TBY-2 by FISH experiments and immu-
nolabeling experiments using antibodies against two
hallmarks of silent chromatin, the 5-methyl cytosine
(5mC) and methylated histone H3 at lysine position 9
(H3K9m; Fig. 5g-1). By using a 45S ribosomal DNA
repeat probe, specific of the NOR regions, we showed
that DAPI-stained regions did not overlap with the
NOR regions. The 5SmC labeling was distributed in the
whole nucleoplasm with exclusion of brightly stained
foci. In metaphase chromosomes these SmC-empty
segments may correspond very well with AT-rich regions
(Fig. Sm—o). The presence of large DAPI-positive AT-
rich segments in tobacco and other plant species is
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Fig. 5 a—o Nuclear localization
of the LHP1-GFP fusion
protein in transgenic TBY-2 cell
lines and nuclear phenotypes of
TBY-2 cells. a—e Transgenic
TBY-2 cells expressing LHP1-
GFP (LG) and counterstained
with DAPI. Confocal
projections of the same nucleus
showing GFP-fluorescence (a),
DAPI-fluorescence (c¢) and
merged (b) images.
Corresponding sections (d, e)
and line-scan profile (f) on the
same nucleus. g-o Nuclei or
chromosomes of wild-type
TBY-2 cells. g, h FISH
experiments with 45S rDNA
probe (h) and DAPI
counterstaining (g). i, j
Immunolabeling using SmC
antibody (j) and DAPI
counterstaining (i). k, 1
Immunolabeling using H3K9m
antibody (I) and DAPI
counterstaining (k). m—o
Microscope images showing
mitotic chromosomes of TBY-2
cells after immunolabeling with
anti-5mC (n) and
counterstained with DAPI (m).
The arrows indicate the
positions of DAPI-positive
segments, which are presumed
to be AT-rich. If so, then these
segments contain little GC pairs
and are hardly stained by anti-
SmC. DAPI (m), SmC labeling
(n) and merged (o) images.
Scale bars a—1: 10 pm, m—o:

3 um

known from several studies (Moscone et al. 1996; Ali Consistent with this observation, the H3K9m distribu-
et al. 2000; Liu et al. 2004). However, such large AT-rich tion was also uniform throughout the nucleus with
segments are not present in the A. thaliana genome. exclusion from the nucleolar regions. These results



NoLS
LHP [+ [ + [++ + TN GFP |
LHPNH [ + T+ J++ + | GFP |
LHPN [+ [ + [++] GFP ]
LHP C |++ + - GFP ]
LHP H [++ + | GFP. |
LHP CSD [ ] GFP

Fig. 6 Schematic representations of LHP1 and truncated LHP1
proteins fused to GFP. LHPNH: N-terminal and hinge regions (aa
1-378). LHPN: N-terminal region (aa 1-194). LHPC: long C-
terminal region (aa 162-445). LHPH: hinge region (aa 162-378).
LHPCSD: short C-terminal region (aa 378-445). The gray, black
and hatched boxes represent the chromo domain, the chromo
shadow domain and the VirD2 NLS region, respectively. The stars
indicate the positions of the five LHP1 classical nuclear localization
signals (NLS1-5). NLS3 and NLS4 form a bipartite signal. NLS5
may participate in a putative nucleolar-targeting signal (NoLS)

suggest that in tobacco, no particularly enriched regions
in the H3K9m or SmC can be distinguished. Chromatin
associated with these two epigenetic marks is spread in
the whole nucleus and no discrete heterochromatic re-
gions, such as the A. thaliana chromocenters, can be
distinguished.

Fig. 7 a-h Nuclear localization of truncated LHP1 fusion proteins
in transgenic TBY-2 cell lines. a A transgenic TBY-2 cell expressing
the LHP1-GFP (LG) fusion protein (confocal projection of the
nucleus). b-h LHPIA proteins fused to GFP. b LHPCSD:
projection. ¢ LHPINH: projection. d LHPN: projection. LHPC:
projection (e) and light image (f), the GFP fluorescence in the
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Effects of the LHPI structural domains
on the subnuclear localization

To examine the role of the structural subdomains of
LHP1 in the nuclear localization of the protein, trun-
cated LHPI proteins, including various combinations of
the CD, the CSD and the HR, were fused to GFP
(Fig. 6). As the LHPCSD region lacks a nuclear locali-
zation signal (NLS), the functional bipartite NLS signal
of the A. tumefaciens VirD2 protein was fused to the
carboxy-terminal region of the LHPCSD-GFP protein
(Fig. 6). Deletion constructs were introduced into the
tobacco TBY-2 cell line. For each construct, the differ-
ent transgenic lines gave similar patterns. Localization
was also analyzed in Arabidopsis protoplasts in transient
expression (data not shown).

All truncated LHP1 proteins fused to GFP were tar-
geted to the nucleus indicating that at least three out of
the five classical NLS are functional in LHP1 both in M.
tabacum and A. thaliana (Fig. 7b—f). NLS3 and NLS4,
which form a classical bipartite NLS, were present in all
constructs (except LHPCSD) and may be the major
NLS. When LHPN, LHPNH or LHPCSD were fused to
GFP, a fluorescence distribution was observed through-
out the nucleus with nucleolar exclusion and a variable
number of foci (Fig. 7b—d). In N. tabacum removal of
one of the CDs or CSD resulted in smaller and less
numerous foci, whereas in A. thaliana foci disappeared

nucleoplasm is very weak, whereas it is strong and non-uniform in
the nucleolus. g LHPH: projection and corresponding nucleus
under light (h) of a nucleus presenting a fragmented nucleolus (4
regions) more strongly fluorescent than the surrounding nucleo-
plasm. n nucleoplasm. no nucleolus. Scale bars B-S: 10 pm
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(data not shown). These data may result from the
properties of the CD in recognition of chromatin hall-
marks and dimerisation property associated with the
CSD (Gaudin et al. 2001). Thus, the CD and CSD have
appeared in plants as the main domains involved in foci
formation. Both chromodomains were required in A.
thaliana protoplasts, whereas in N. tabacum cells, some
foci still can be observed with one of them.

Interestingly, as shown in Fig. 7e-h, respectively, the
LHP1C-GFP or LHPH-GFP fusions, which both
contain the HR, were targeted to the nucleolus, whereas
the entire LHP1 protein or the three other constructs
were mainly excluded from that nuclear compartment
(Fig. 7a—d) both in A. thaliana and in N. tabacum. The
GFP fluorescence signal in the nucleolus seemed to be
more intense with the LHPC construct compared to
LHPH but the distribution more homogenous with
LHPH. Sequence comparisons with functionally identi-
fied nucleolar localization signals (NoLS) (Schmidt et al.
1995; Rowland and Yoo 2003) suggested the presence
of a putative NoLS in the LHP1 HR
(C"KRRKSGSVKRFKQ*®), formed by two stretches
enriched in lysine and arginine residues (underlined) and
flanked by one glutamine (Fig. 8). Thus, either the
truncated proteins may simply be stored in that com-
partment due to the deletion of functional domains or
the two deletions may induce conformational changes
such as the unmasking of a cryptic NoLS, which could
relocate the protein to the nucleolus.

Localization of LHP1 is dynamic throughout
development and cell cycle

The in planta localization of the LHP1-GFP fusion was
analyzed in different tissues and at different develop-
mental stages in 4. thaliana. Two main patterns were
observed according to cell types or tissues. The most
common pattern, described above as ‘““in foci” pattern,
was observed in cells located in older parts of the root
and in most of the differentiated cells of the aerial

vegetative tissues such as hypocotyl, epidermis, guard
cells, parenchyma (Fig. 9a, b). The second pattern was a
uniform fluorescence distribution throughout the nu-
cleus, but excluded from the nucleolus. This “uniform”
pattern was observed in nuclei of young proliferating
tissue such as the root apex, young hypocotyls, cotyle-
don cells from immature seeds and young apical meri-
stematic cells (Fig. 9c—g). Nuclei in older root hairs
(closer to the crown area) displayed more foci than those
in younger root hairs (closer to the root apex), which
tend to have a more uniform pattern (Fig. 9h-k).

Due to the larger chromosome size of tobacco and
the high mitotic index of TBY-2 cells, the chromosome
association of LHP1-GFP was monitored during mito-
sis, in the transgenic LHP1-GFP tobacco cell line. To
better visualize mitosis events, synchronizations of TBY-
2 transgenic lines expressing the LHP1-GFP fusion were
performed using a combination of aphidicolin and
propizamide (Planchais et al. 1997). During prophase,
the foci distribution disappeared progressively, and
GFP-fluorescence dropped being hardly visible at
metaphase (Fig. 10a, b). Only a very weak fluorescent
halo was detected around the metaphase plaque, in the
ancient nuclear territory (the confocal detection thresh-
old was highly increased to reveal this halo, whose signal
is only slightly higher than the background level)
(Fig. 10c). Progressively, a fluorescent signal reappeared
concomitant with the segregation of the chromosomes
and their decondensation (Fig. 10d—f). From late ana-
phase to telophase, fluorescent foci reappeared until the
classical distribution was observed when nuclei have
divided. Similar observations were made in mitotic cells
located in A. thaliana root apex (Fig. 11).

Discussion
LHPI1 is mainly involved in euchromatin organization

In the recent years, an increasing set of chromatin pro-
teins has been described in the A4. thaliana model system,

LEP1 KNSRFIGA |[KRRK | SGSV KRFK| Q DGS
Hdm2-MDM2 KKLK KRNK

S6 KRRR | IAL KKQR| TKKNK
PRRSV N PG [KKNK KKNP| EKPHFPLAT
L5 VYE [KKPK |REV KKKR
Nucleolin KRKK | EMANKSAPEA [KKKK

pNO40 KRAR | HTSKDSKAAKK [KKKK| KKHKKKHKE
MEQ RRRK | RNRDAA RRRR| RKQ
Protein VII RRYAKM KRRR |[RRVA RRER [RR

Rev RQA [RRNR RRRW| RERQR
Coilin KKNK RKNK

Fig. 8 The putative LHP1 nucleolar localization signal (NoLS).
Sequence alignments with NoLS sequences of MDM2/Hdm?2
(Lohrum et al. 2000; Weber et al. 2000), coilin (Hebert and Matera
2000), nucleolin (Schmidt-Zachmann and Niggs 1993), L5 protein
(Weber et al. 2000), the human ribosomal protein S6 (Schmidt et al.
1995), the human pNO40 protein (Chang et al. 2003), the PRRSV

N viral protein (Rowland et al. 2003), the Herpesvirus oncoprotein
MEQ (Liu et al. 1997), the Adenovirus protein VII (Lee et al. 2003)
and the Rev protein from HIV (Cochrane et al. 1990). Two basic
stretches are boxed (first one is NLS5). One glutamine (Q) residue
flanks the NoLS as observed in some viral NoLS



highlighting the role of plant chromatin dynamics in
various processes such as developmental transitions,
gene regulation or maintenance of genome integrity
(Berger and Gaudin 2003; Tariq and Paszkowski 2004;
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Fig. 9 Main localization patterns of LHP1-GFP in transgenic A.
thaliana. ““In foci” distribution pattern in a guard cell (a) and a root
epidermal cell (b). c—g Uniform distribution pattern in root apex
with a closer view of a nucleus with a uniform distribution (¢), in
cell elongation region (d), close to vascular tissue in the same region
(e), in a meristematic cell of the shoot apex (f) and in a cell located
in a cotyledon of a immature seed (g). h-k Root hair cell nuclei
located from root apex (h) to upper regions (k). The number of foci
progressively increased. Scale bars: 10 pm

He and Amasino 2005). At a structural and cytological
level, A. thaliana chromatin is well characterized (Tes-
sadori et al. 2004) and representative of plant chromatin
with a small microscopically visible heterochromatin
fraction. Thus, heterochromatin in A. thaliana nuclei is
confined to discrete chromocenters, containing all major
repeats and enriched in methylated DNA and H3K9m
and corresponding to NOR, centromeric and pericen-
tromeric regions (Fransz et al. 2002; Tessadori et al.
2004). The A. thaliana chromocenters are intensely
DAPI-stained chromatin regions and contain condensed
chromatin that is largely inactive in transcription.
Comparative studies between A. thaliana and other
plant models such as species with higher heterochro-
matin fractions and more complex chromatin organi-
zation, as revealed in this study, will help to broaden our
view of plant chromatin diversity and functions. Indeed,
structural and biochemical properties of plant hetero-
chromatin are still largely unknown. We therefore
investigated the localization of one putative component
of heterochromatin, LHP1, a HP1 homolog identified in
several developmental screens (Gaudin et al. 2001; Ko-
take et al. 2003; Kim et al. 2004). HP1 was originally
described as a hallmark for heterochromatin in dro-
sophila and later in human and mouse. It may therefore
be surprising to demonstrate in this study that LHPI
does not localize in heterochromatin, at a cytological
scale. However, another hallmark of heterochromatin in
animals, the trimethylated H3K9 residue is also associ-
ated with euchromatin in A. thaliana (Naumann et al.
2005), suggesting there are some epigenetic markers that
plants, or at least A. thaliana, have in common with
animals, but for different chromatin states.

Using transgenic A. thaliana plants expressing a
functional LHP1-GFP fusion protein, we clearly ob-
serve a speckled localization of LHPI in euchromatin,
outside the chromocenters. Our data suggest that LHP1
has a primary function in euchromatin rather than in
heterochromatin, which is supported by recent indirect
observations. Indeed, transcriptional analyses revealed
ectopic expression of several euchromatic genes in the
Ihp1 mutants, whereas genes located in the heterochro-
matic knob of 4. thaliana chromosome 4 (Kotake et al.
2003; our unpublished results) or the most of the
transposons located in this region were not affected (our
unpublished data). Moreover, DNA methylation of
centromeric and rDNA repeat sequences or distribution
of the dimethylated H3K9 residue was not affected in the
Ihp1 mutant (Malagnac et al. 2002; Lindroth et al. 2004;
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Fig. 10 a—f Distribution of the
LHP1-GFP fusion protein
during mitosis in transgenic
tobacco cell lines. DRAQ5 ™
far red-fluorescence (left panel)
and GFP-fluorescence (right
panel). Overlay (middle panel).
Images are confocal
projections. a Prophase.

b A nucleus in late prophase
(asterisk) and two in interphase
(i). ¢ Metaphase. d Anaphase.
e Telophase. f Cytokinesis.
Scale bars: 10 pm

our unpublished results). We also show here that, in the significantly reduced suggesting increased accessibility to
[hpl mutant, the chromocenter organization is not euchromatic regions. Altogether, a model can be pro-
disturbed, whereas global chromatin compaction is posed where LHP1 plays a role in euchromatin structure



Fig. 11 a, b Mitotic events in
the root apex of an A. thaliana
transgenic line expressing the
LHPI1-GFP fusion protein. A
section in a root apex viewed on
confocal microscope for DAPI
(a) and GFP (b) fluorescences.
Metaphasic nuclei are indicated
by arrows and daughter cells
after division by a circle. Scale
bar: 20 pm

and its absence may lead to a more competent chromatin
state for certain sets of euchromatic genes especially
genes such as FT or floral homeotic genes which are
deregulated in the /hp/ mutants (Gaudin et al. 2001;
Kotake et al. 2003; Takada and Goto 2003).

Thus, in agreement with the non-lethal phenotype
and the absence of major mitotic defects in the lhpl
mutants, LHP1 is not a major determinant of hetero-
chromatin in A. thaliana as the classical heterochromatic
HPI1 isoform is in animals. However, in animals HPI1-
like proteins have wider functions beyond heterochro-
matin silencing. Indeed, three HP1 isoforms forming the
HP1la,  and y-type subfamilies (HP1a/mHP1o/HsHP1«;
HP1b/M31/HsHP1; HP1c/M32/HsHP1y; respectively in
drosophila, mouse and human) are present in animals.
These isoforms exhibit spatially distinct localization
patterns and mediate formation of macromolecular
chromatin complexes at a range of chromatin sites in
euchromatin and/or heterochromatin (Greil et al. 2003).
For example, the drosophila HPIc¢ is restricted exclu-
sively to euchromatin (Smothers and Henikoff 2001) and
the mammal HPIly has a dual localization, both in
euchromatin and in heterochromatin (Minc et al. 2001).
Furthermore, HP1-like proteins were associated with
euchromatic gene regulation to various degrees:
HsHP1la silences genes involved in breast cancer inva-
sion and metastasis HP1a deposition is directly involved
in the repression of two drosophila euchromatic genes in
a dose-dependent manner, and of the cyclin E gene in
human cells, HPla and HP1y interact with repressor
complexes, HP1a can be directly targeted to promoters
of KRAB-KAP-1 repressed genes and HP1y is associ-
ated to repressive complexes regulating E2F and Myc-
responsive genes (Kirschmann et al. 2000; Ogawa et al.
2002; see also references in Berger and Gaudin 2003).
Although the HP1a-type subfamily is mainly involved in
heterochromatic silencing, the association of the HPla-
type proteins to heterochromatin and gene silencing may
not be so strict. Thus, if locally the two HP1o and HP1y
subtypes may have similar functions, nuclear cytological
data and binding site analyses at large scales highlight a
dual function of HP1-like proteins: HP1a and HP1y are
mainly involved in heterochromatin and euchromatin
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structure regulation, respectively (Greil et al. 2003).
Thus, based on subnuclear localization, gene regulation
and mitosis behavior (see below), the LHPI is more
closely related to the HP1y-type subfamily although we
cannot exclude possible minor roles of LHP1 in het-
erochromatin.

LHP1 distribution is dynamic throughout
the development and cell cycle

Recent studies have shown that HP1 binding is highly
dynamic with rapid transient chromatin interaction and
exchange, maintaining a stable organization at a higher
complexity level (Festenstein et al. 2003; Cheutin et al.
2004; Schmiedeberg et al. 2004). Here we have shown
that HP1 distribution is dynamic at a developmental
scale. Indeed, the distribution of LHP1-GFP fusion is
not identical from cell to cell in the whole plant organ-
ism. It varies from a uniform nucleoplasmic distribution
in young meristematic cells to a highly punctuated dis-
tribution in older tissues. The two main distribution
patterns suggest that LHP1 may have different roles
throughout plant development and that its distribution
pattern is influenced by endogenous factors such as age
and differentiation. The age of plant cells being often
coupled with polyploidisation, the ploidy level may also
influence the LHP1 distribution. Similarly, changes in
chromatin composition were described between resting
and cycling cells in mammals, among which coupled
changes in the histone methylation level and the HP1pS
distribution (Baxter et al. 2004). These data suggest that
LHPI distribution is a marker of the underlying prop-
erties of plant chromatin during development.

The temporal and dynamic redistribution of LHP1
during the plant cell cycle has common features with the
HPI protein behavior during mitosis. In yeast or ani-
mals, major delocalization of HP1 occurs as well at the
G2/M transition but each subtype seems to have its own
specificities (Murzina et al. 1999; Kourmouli et al. 2000;
Minc et al. 2001; Sugimoto et al. 2001; Hayakawa et al.
2003; Mateescu et al. 2004). Thus, the LHP1 behavior
shares similarities with those of HP1f and HP1y that
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also dissociate from chromosomes during mitosis. Based
on similar experiments on HP1 distribution in plant cells
during mitosis (Fass et al. 2002), the LHP1-GFP fusion
protein is probably delocalized to the cytoplasm during
mitosis rather than degraded. The progressive foci
reappearance at late anaphase/telophase concomitantly
with the beginning of chromosome decondensation and
nuclear envelope reformation and interactions of HPI
with nuclear envelope components (Kellum 2003) may
suggest a relationship between nuclear envelope and foci
reformations.

A species-specific LHP1 distribution

The distribution of HP1 subtypes in human, mouse and
chicken cells has been demonstrated to be species-spe-
cific (Minc et al. 1999; Gilbert et al. 2003). Similarly, the
LHPI-GFP foci distribution revealed plant species
specificity that may reflect differences in plant genome
size and organization. Both in tobacco and A. thaliana,
LHP1-GFP displays foci indicating specific substruc-
tures. However, their position relative to euchromatin
and identity is less clear in tobacco compared to A.
thaliana nuclei. N. tabacum is an amphidiploid species
with a large genome (approximately 5,730 Mbp, n=24
chromosomes) (Bennett and Leitch 1995), whereas the
A. thaliana genome is smaller (130 Mbp, n=35 chromo-
somes). In contrast to A. thaliana, the majority of the
tobacco nucleus consists of heterochromatin, which does
not display chromocenters. Epigenetic markers of visible
or large-scale heterochromatin, such as methylated
DNA and H3K9m display a dispersed pattern. On the
contrary, the H3K4m signal, usually associated with
active chromatin, was weak (F. Tessadori, data not
shown). These observations underline a predominant
heterochromatic interphasic nucleus and the presence of
a small euchromatic fraction that is difficult to detect.
Similarly, in protoplasts of N. sylvestris, one of the
diploid parents of N. tabacum, the nuclear distribution
of dimethylated H3K9 was uniform throughout the
nucleus, whereas the dimethylated H3K4 distribution
was quite indistinguishable from the H3K9m pattern (Li
et al. 2005). These results support a previous study by
Houben et al. (2003) who proposed that the absence of
H3K4m is a significant mark in defining heterochro-
matin in large genomes.

The LHPI1 hinge region has plant-specific features

Analyses of truncated LHP1 proteins expressed in vivo
instable transgenic TBY-2 cell lines allowed us to char-
acterize the function of the different segments in the
localization. Interestingly, the plant HR, which diverges
from the animal HRs, both in size and sequence, may
have acquired specific properties. Indeed, we show that
the LHP1 HR is targeted to the nucleolus in tobacco
cells as well as in A. thaliana protoplasts. The animal

HP1 HRs were shown to participate to HP1 targeting
(Platero et al. 1995; Smothers and Henikoff 2001),
however, such destination was not described. This is
possibly due to the delineation of regions for localization
analyses or to size and property differences of the HP1
and LHP1 HRs.

The nucleolus is often seen as a storage or seques-
tration compartment for various proteins. Whether this
also occurs for two constructs out of six remains to be
solved. Two other possible explanations may account
for the observations. Firstly, the whole protein in the
other four constructs is present in the nucleolar com-
partment but the GFP-fluorescence signal may be too
faint to be recorded. Secondly, the putative LHP1 NoLS
acts in a similar way as cryptic NoLSs, which control the
targeting of the MDM2 or coilin proteins to the
nucleolus depending on the NoLS accessibility and the
protein conformation (Hebert and Matera 2000; Loh-
rum et al. 2000; Weber et al. 2000). Whether LHP1 may
have functions in the nucleolus in certain conditions
(post-translational modifications, binding with specific
partners...) is an open question. In this context it is
interesting to refer to S. pombe, where SWI6, the HP1
homolog, represses Polll-transcribed genes inserted in
rDNA clusters (Thon and Verhein-Hansen 2000; Bjer-
ling et al. 2002) or is located in the nucleolus of c/r4
mutants (Ekwall et al. 1996). The unusual nucleolar
localization of the LHP1-HR may help to understand
the regulatory network, which governs the normal LHP1
localization.

The chromodomains are required for the foci formation

By analyzing the localizations of truncated LHP1A-
GFP fusion proteins, the two chromo domains were
shown as the main domains associated with the foci
distribution. While both CDs are required for foci
localization in A. thaliana protoplasts, some foci could
be observed with only one CD in N. tabacum cells,
probably due to the enriched heterochromatic fraction
of the tobacco nuclei. These results suggest different
subpopulations of foci in plant nuclei corresponding to
the underlying genome organization specificities.

In drosophila the exchange of chromo domains be-
tween HP1 and Polycomb showed that these domains
are responsible for binding to specific chromosomal sites
(Platero et al. 1995). Similarly, the LHP1 CD may play a
major role in targeting to specific chromatin domains.
Analyses of the CD structure and its underlying speci-
ficity have shown that it recognizes specific methylated
lysine residues (see references in (Brehm et al. 2004)).
Although belonging to the same category, the CDs of
HP1 and Polycomb present different affinities for the
methylated histone marks according to the degree of
methylation and the histone H3 tail contexts of the ly-
sine residue (AARK?’S /| QTARK?®S): the HP1 CD has a
higher affinity for the trimethylated H3K9, whereas the
Polycomb CD for the trimethylated H3K27 (Fischle



et al. 2003) and the HP1 CD is not able to bind the
H3K4m (Jacobs and Khorasanizadeh 2002). The rec-
ognition of the specific methylated-lysine mark by the
CD of HP1 is mediated by an aromatic cage consisting
of three main residues (Tyr, Trp, Tyr/Phe) (Jacobs and
Khorasanizadeh 2002; Nielsen et al. 2002). While the
first two residues are conserved in LHP1, the third one
(Trp 132) is different from its counterpart in HP1 (Tyr
48), but similar to its counterpart (Trp 50) in Polycomb
(Fischle et al. 2003). Other critical residues for H3K9m
recognition, such as Glu 23, Val 26 and Asp 62 (Jacobs
and Khorasanizadeh 2002) or Glu 52 (Tyr 54 in Pc)
(Fischle et al. 2003), are replaced in LHP1 by Phe 107
(Val in Pc), Ile 110 (Ala in Pc), Gln 146 and Ala 136,
respectively (Gaudin et al. 2001). Although mutagenesis
experiment of the Trp 50 residue of Pc into Tyr does not
significantly modify the affinity of Pc for H3K27m, the
slightly divergent aromatic cage and residues involved in
the recognition of H3K9m questions its in vivo affinity
for methylated histone residues by the LHP1 CD. In
vitro analyses showed a binding activity of a large N-
terminal region of LHPI1 (130 aa) including the CD to
dimethylated H3K9 (Jackson et al. 2002). Colocalization
of LHP1 and H3K9m was recently described in tobacco
(Yu et al. 2004). However, methylated H3K9 residue is
not an absolute requirement for HP1 binding to chro-
matin (Cowell et al. 2002) and other marks of the his-
tone code may alone or in a coordinated way,
participate to the protein targeting. For example, in A4.
thaliana, at least two coordinated histone modifications,
H3K9m and H3K27m, are required in vitro for the
interaction with the CD of the CMT3 chromomethylase
(Lindroth et al. 2004). Thus, LHP1 chromatin recogni-
tion may not be exclusive and its CD may binds to
several different marks (dimethylated H3K9, methylated
H3K27) with different affinities according to the chro-
matin complex. HP1 has a higher affinity for trimethy-
lated H3K9 and this hallmark, recently associated with
euchromatin in A. thaliana (Naumann et al. 2005) may
also be recognized by LHPI.

As the CSD of LHP1 is involved in the dimerization
(Gaudin et al. 2001) and protein—protein interactions (V.
Gaudin, unpublished data), it could either target the GFP
fusion to regions, where the endogenous tobacco LHP1
proteins are already located (heterodimerisation), or
highlight some regions with partners enrichments such as
interchromatin granules or nuclear bodies (NBs). Indeed,
HP1 was shown to interact with SP100, a component of
NBs and colocalizes with them (Hayakawa et al. 2003).
Thus, the LHPN-GFP and LHP1CSD-GFP may label
different subpopulations of foci, highlighting diverse
roles of LHP1 and chromatin interactions. Finally, the
tobacco genome may encode several LHP1 subtypes with
different specificities such as in animals. Due to the
dimerization property and conservation of the CSD, the
A. thaliana LHP1 may interact with an endogenous HP1-
like protein associated with heterochromatin.

Thus, the nature of the foci mediated by the LHPI1
CDs as well as the precise histone marks recognized by
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the CD of LHP1 and their requirement for LHPI
deposition require further investigation. Due to simi-
larities with HP1y, foci may correspond to silenced
euchromatic regions presenting similarities with Poly-
comb-silenced regions. Since in some cases both HP1y
and PcG proteins are present in the same complex and
contribute to euchromatic gene silencing (Ogawa et al.
2002), the chromatin-silencing mechanism by these two
protein types may have more features in common.
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