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Selective Methylation of Histone H3
Variant H3.1 Regulates
Heterochromatin Replication
Yannick Jacob,1* Elisa Bergamin,2* Mark T. A. Donoghue,1 Vanessa Mongeon,2 Chantal LeBlanc,1
Philipp Voigt,3 Charles J. Underwood,1 Joseph S. Brunzelle,4 Scott D. Michaels,5 Danny Reinberg,3
Jean-François Couture,2† Robert A. Martienssen1,6†

Histone variants have been proposed to act as determinants for posttranslational modifications
with widespread regulatory functions. We identify a histone-modifying enzyme that selectively
methylates the replication-dependent histone H3 variant H3.1. The crystal structure of the SET
domain of the histone H3 lysine-27 (H3K27) methyltransferase ARABIDOPSIS TRITHORAX-RELATED
PROTEIN 5 (ATXR5) in complex with a H3.1 peptide shows that ATXR5 contains a bipartite catalytic
domain that specifically “reads” alanine-31 of H3.1. Variation at position 31 between H3.1 and
replication-independent H3.3 is conserved in plants and animals, and threonine-31 in H3.3 is
responsible for inhibiting the activity of ATXR5 and its paralog, ATXR6. Our results suggest a simple
model for the mitotic inheritance of the heterochromatic mark H3K27me1 and the protection of
H3.3-enriched genes against heterochromatization during DNA replication.

During the S phase of the cell cycle, pat-
terns of histone posttranslational mod-
ifications (PTMs) must be reestablished

after passage of the replication fork to restore the
correct epigenetic status to each region of the ge-
nome (1). Because many different chromatin states
are encountered during replication, the deposition
of histone PTMs on newly replicated chromatin
must be precisely regulated.

The histone H3 Lys27 (H3K27) methyltrans-
ferasesARABIDOPSISTRITHORAX-RELATED
PROTEIN 5 (ATXR5) and ATXR6 (ATXR5/6)
are thought to maintain the heterochromatic mark
H3K27me1 duringDNA replication in plants (2).
In atxr5 atxr6 double mutants, H3K27me1 levels
are reduced, heterochromatin is decondensed, some
repetitive sequences are transcribed, and hetero-
chromatic overreplication is observed (3–5). In
both animals and plants, chromatin restoration
after DNA replication depends on the histone
chaperone CAF-1 and involves deposition of the
S-phase–expressed histone H3 variant H3.1 (6, 7).
In contrast, histone H3.3 is inserted by other his-
tone chaperones, mainly during transcription, and
acts as a replacement histone (7–11). Canonical
histone H3.1 and histone H3.3 are >96% iden-

tical in most eukaryotes (12) and differ only by
four and five residues in flowering plants and
mammals, respectively (Fig. 1A). H3.1 and H3.3
variants have been shown to contain different
histone PTMs, but the mechanisms involved in
H3 variant–specific marking are not known
(12). It is possible that sequence variation be-
tween the variants could directly affect their PTMs
(13, 14).

One of the conserved differences between
H3.1 and H3.3 is at position 31, with alanine
(H3.1), threonine (H3.3 Arabidopsis), or serine
(H3.3 human) (Fig. 1A). Because residue 31 of
histone H3 is close to the modifiable and func-
tionally important residue K27 (Lys27), we hy-
pothesized that H3 variants could selectively
regulate methylation at K27. To test this, we per-
formed histone lysine methyltransferase (HKM)
assays using methyltransferases from Arabidopsis
thaliana and recombinant chromatin containing
either plant histone H3.1 or plant histone H3.3.
Our results show that the H3K27 methyltrans-
ferases ATXR5/6 have much higher activity on
nucleosomes containingH3.1 thanH3.3 (Fig. 1B).
Furthermore, steady-state kinetic analysis of ATXR5
confirms that the enzyme exhibits strong prefer-
ence toward theH3.1 variant (Fig. 1C). This ability
to favorH3.1 nucleosomes overH3.3 nucleosomes
as substrates was not observed for two polycomb
repressive complex 2 (PRC2) complexes [MEDEA
(MEA) and CURLY LEAF (CLF)], which also
methylate K27, or the H3K9 methyltransferases
KRYPTONITE (KYP)/SU(VAR)3-9 HOMOLOG
4 (SUVH4) and SUVH5 (Fig. 1B). We tested
whether Ala31 of H3.1 is required for H3K27meth-
ylation by ATXR5/6. When using H3.3 nucleo-
somes with Thr31 replaced with alanine (T31A),
we observed levels of H3K27 methylation sim-
ilar to levels obtained when H3.1 nucleosomes
are used (Fig. 1D). Taken together, these results
demonstrate that ATXR5/6 selectively methylate
the replication-dependent variant H3.1 in vitro

and that Thr31 in H3.3 is responsible for inhib-
iting the activity of ATXR5/6.

To gain a better understanding of howATXR5/6
specifically methylate H3.1, we solved the crys-
tal structure of an ATXR5-H3.1 complex. We
focused on the C-terminal half of ATXR5, which
contains the catalytic SET domain preceded by
a conserved sequence (hereafter named nSET)
of unknown function (fig. S1). The structure of
the ATXR5 homolog from the plant Ricinus
communis [RcATXR5 amino acids 158 to 374] in
complex with a histone H3.1 peptide (amino acids
18 to 36, strictly conserved between A. thaliana
and R. communis) and the product cofactor
S-adenosylhomocysteine (AdoHcy) was solved
at 2.1 Å resolution (fig. S2 and table S1). Col-
lectively, the structure shows that the SET do-
main comprises two short a helices (a5 and a6)
and 10 b strands (b1 to b10), all forming twisted
antiparallel b sheets (Fig. 2A). The nSET region
folds as four consecutive a helices (a1 to a4)
interspersed by loops that pack onto the SET
domain. The H3.1 peptide binds in a tight bind-
ing cleft in an L-shaped conformation and en-
gages in several hydrogen bonds and hydrophobic
contacts (see supplementary text) with RcATXR5
(Fig. 2, A and B). A simulated annealing Fo – Fc
omit map revealed electron density for residues
24 to 36 of histone H3.1 (Fig. 2C). A compara-
tive analysis of the ATXR5/H3.1 complex reveals
structural divergence in the histone-binding mode
(fig. S3 and supplementary text).

The ternary structure shows that both SET
and nSETof RcATXR5 are involved in selective
H3.1 binding. The residues E212 andM216 (E,
Glu; M, Met) of the a3-a4 loop (L1) of nSET,
along with R334 (R, Arg) in the SET domain,
form a shallow binding pocket (referred to as
selectivity pocket) accommodating the small
side chain of H3.1 Ala31 (Fig. 3A). Accordingly,
E212, M216, and R334 are strictly conserved in
ATXR5/6 homologs from mosses to flowering
plants (fig. S1). The side chain of Ala31 makes
hydrophobic and van derWaals contacts with the
side chains ofM216 andR334, and the guanidium
group of R334 engages in two short hydrogen
bonds with the carboxylate group of E212, which
likely rigidify the specificity pocket. Consistent
with our HKM assays (Fig. 1D), we found that
replacingAla31with Thr31 generates van derWaals
clashes between the Thr31 Cg methyl group and
the side chain of R334 (fig. S4). In addition, amino
acid substitutions at E212 and R334 (A. thaliana
ATXR6 residues E186 and R309) drastically re-
ducedmethylation on nucleosomes (Fig. 3B), sug-
gesting that residues forming the specificity pocket
are important for conferring specificity and high
affinity binding to H3.1.

Another unique structural feature of ATXR5/6
likely contributes to the selective methylation of
histone H3.1. A loop (L3) comprising residues
G363, Y364 (Y, Tyr), E365, and E367 folds back
on top of H3.1, shielding the peptide from the
solvent in a “safety belt” conformation (Figs. 2,
A and B, and 3A). Y364 makes hydrophobic
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contact with Pro30, while the carboxylate group
of E365 engages in hydrogen bonds with the
guanidium group of Arg26 and the hydroxyl group
of T289. Together, these residues help bind the
peptide tightly to the histone H3.1 binding cleft.
The role of the L3 loop is likely twofold: (i)
locking the peptide in a conformation that forces
the side chain of Ala31 into the specificity pocket
and (ii) packing the structurally constrained res-
idue Pro30 onto the peptide-binding pocket of
RcATXR5. This hypothesis is supported by our
HKM assays showing that substitution of Y364
(A. thalianaATXR6Y339) by an alanine residue
reduces the specificity of the enzymes for H3.1
by threefold (Fig. 3B).

In Arabidopsis, H3K27me1 is enriched on
H3.1 (fig. S5) (15, 16), and more than 80% of

H3.1 was found to be methylated at K27 bymass
spectrometry (17). To validate that Thr31 in his-
tone H3.3 directly interferes with the activity of
ATXR5/6 in vivo, we generated transgenic Ara-
bidopsis plants expressing the tandem histone
H3.1 genesHTR9 andHTR13 as wild-type (WT)
proteins (H3.1) or with an alanine-to-threonine
replacement at position 31 (H3.1 A31T). The trans-
genes were expressed in H3.1 quadruple mutants
(A. thaliana contains five H3.1 genes). We quan-
tified by chromatin immunoprecipitation (ChIP)
the levels of H3K27me1 at genomic regions en-
riched in H3.1 (fig. S6) and that have been shown
to be dependent onATXR5/6 for H3K27me1 (4),
because plant PRC2 complexes also have the
ability to monomethylate H3K27 (fig. S7).When
wemeasured H3K27me1 levels in the two sets of

transgenic plants, we observed lower levels of the
epigenetic mark in plants expressing H3.1 A31T
compared toWT (Col), but not in plants express-
ing H3.1 (Fig. 4A and fig. S8). As in atxr5 atxr6
double mutants, silencing of Athila open reading
frame 1 [also known as transcriptionally silent
information (TSI)] was lost in transgenic plants
expressing H3.1 A31T (Fig. 4B).

Reactivation of TSI and other heterochro-
matic defects has also been observed when the
histone chaperoneCAF-1 ismutated inArabidopsis
(Fig. 4B) (18–22). Depletion of CAF-1 in mam-
malian cell lines leads to H3.1 replacement with
H3.3 (23). Consistently, Arabidopsis CAF-1 mu-
tants show higher expression of H3.3 genes (18).
On the basis of our finding that ATXR5/6 spe-
cifically methylate H3.1, we hypothesized that

Fig. 1. ATXR5 and ATXR6 selectively
methylate H3.1. (A) Alignment of the
canonical variants H3.1 and H3.3 from
A. thaliana (At) and human (Hs). Identities
are dark-shaded. Single-letter abbreviations
for the amino acid residues are as follows:
C, Cys; D, Asp; F, Phe; G, Gly; H, His; I, Ile;
L, Leu; N, Asn; P, Pro; Q, Gln; S, Ser; V, Val;
and W, Trp. (B) In vitro HKM assay using
recombinant chromatin containing plant
H3.1 or H3.3 as substrates and various
histone methyltransferases from A. thaliana.
(C) Michaelis-Menten plot of initial velocity
versus peptide substrate concentration. The
rate of catalysis (kcat) and Michaelis-Menten
constant (Km) values for the H3.1 and H3.3
peptides are shown as inset. Error bars rep-

resent the standard deviations of three independent experiments, each performed in triplicates with three different batches of RcATXR5. (D) In vitro HKM assays
using recombinant chromatin containing plant H3.1, H3.3, or H3.3 T31A.
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Fig. 2. ATXR5/6 contain a bipartite catalytic domain composed of nSET
and SET. (A) Ribbon representation of the RcATXR5-H3.1-AdoHcy ternary com-
plex in which nSET and SET are highlighted in gray and green, respectively.
Carbon atoms of H3.1 and product cofactor are colored in orange and magenta,
respectively. (B) Zoomed view of the peptide binding cleft of RcATXR5. Three-
letter code refers to H3.1 residues. Carbon atoms of residues found in the L1, L2,
and L3 loops are rendered in yellow, beige, and purple, respectively. The carbon
atoms of other residues interacting with H3.1 are highlighted in green. Carbon
atoms of H3.1 residues are colored in orange, whereas oxygen and nitrogen atoms
are highlighted in red and blue. Hydrogen bonds and water molecules are illus-
trated as red dashed lines and red spheres, respectively. (C) Simulated annealing
Fo – Fc omit map (green) contoured at 2s. The H3.1 peptide is rendered as in (A).

Fig. 3. The selectivity pocket
and safety belt of ATXR5/6-type
H3K27 methyltransferases are
responsible forH3.1preference
over H3.3. (A) The structure of
the ATXR5-H3.1-SAH complex in
electrostatic potential surface rep-
resentation, with the selectivity
pocket and safety belt highlighted.
Positive and negative potentials are
in blue and red, respectively. Inlet
figure shows a zoomed view of the
residues forming the surface of the
selectivity pocket (three-letter code
refers to histone H3.1 residues).
Hydrogenbondsare shownasdashed
red lines. (B) In vitro HKM assay
using recombinant chromatin con-
taining plant H3.1 or H3.3 as sub-
strates and WT or point mutants of
ATXR6 from A. thaliana. The en-
zymatic activity indicated for each
reaction is relative to the activity
of ATXR6 (WT) onH3.1 nucleosomes.
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the heterochromatic defects of CAF-1 mutants in
Arabidopsis could be due, at least in part, to de-
pletion of K27me1 when H3.3 replaces H3.1.
Our results show that H3K27me1 levels are in-
deed lower in fasciata2 ( fas2 encodes a subunit
of CAF-1) mutants compared with Col, and this
is not caused by defects in nucleosome density
or antibody preference for H3.1K27me1 over
H3.3K27me1 (figs. S9 and S10).

One of the phenotypes associated with re-
duced levels of H3K27me1 in atxr5 atxr6 double
mutants is overreplication of heterochromatic
DNA (4). Lower levels of H3K27me1 in fas2
mutants or our transgenic lines expressing H3.1

A31T is not accompanied by a similar defect in
heterochromatic DNA replication (Fig. 4C and
figs. S11 and S12) (19, 24–26). This suggests a
model in which unmethylated H3 having alanine
at position 31 (i.e., H3.1K27me0) allows for het-
erochromatic overreplication to occur. One pre-
diction from this model is that heterochromatic
overreplication should be suppressed in a fas2mu-
tant background, because H3.1K27me0 would
now be replaced by H3.3K27me0. As predicted,
the phenotype is strongly suppressed in atxr5
atxr6 fas2 triple mutants (Fig. 4C). This model
also provides an explanation for the partial sup-
pression of the heterochromatic overreplication

phenotype of atxr5 atxr6 by mutations af-
fecting DNAmethylation (5). H3.3 is known to
replace H3.1 at transcribed genes in plants and
animals (7–9, 11, 15, 16). Because loss of DNA
methylation leads to the transcriptional activation
of normally silent loci (27), DNA methylation
mutants (similar to fas2 mutants) would replace
H3.1 with H3.3 in heterochromatin. Accordingly,
suppression of overreplication is strongest in the
DNA methylation mutants that have the greatest
effect on transcriptional reactivation (5). Taken
together, our results suggest a model in which
H3.1K27me0 is the stimulus for heterochromatic
overreplication.

Fig. 4. Thr31 of H3.3 inhibits the ac-
tivity of ATXR5/6 in vivo. (A) ChIP as-
says for H3K27me1 (top) and H3 (bottom)
at TSI in transgenic T4 (homozygous) lines
expressing H3.1 or H3.1 A31T. The aver-
age and standard deviation of three in-
dependent experiments are presented. ChIP
for H3 serves as a control for nucleosome
density. No Ab, no antibody control. (B) Re-
verse transcription quantitative polymerase
chain reaction expression analysis of the
TSI repeat (Athila transposon) in Col, atxr5
atxr6, fas2, and independent transgenic
lines (first generation, T1) expressing either
WT plant H3.1 or the mutant H3.1 A31T.
(C) Flow cytometry profiles of Col, atxr5

atxr6, fas2, and fas2 atxr5 atxr6 leaf nuclei. The numbers below the peaks indicate the endoreduplication (ploidy) levels of the nuclei. The numbers above the 8C and
16C peaks correspond to the robust CV values [propidium iodide (PI) units that enclose the central 68% of nuclei] for those peaks. High robust CV values at 8C and
16C peaks characterize heterochromatic over-replication (4). (D) Model for the role of ATXR5/6 during DNA replication in plants. Me, methyl group.
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Overall, this study demonstrates how histone
variants can determine epigenetic states through
direct modulation of chromatin-modifying en-
zyme activity. Further, the ability of ATXR5/6 to
discriminate between the variants H3.3 and H3.1
provides a mechanism for the mitotic inheritance
and genome-wide distribution of H3K27me1 in
plants. According to this model, ATXR5/6 are
recruited to the replication fork during S phase
through their interactionwith PROLIFERATING
CELLNUCLEARANTIGEN (PCNA) (2), where
they specifically monomethylate K27 at newly
incorporated, CAF-1–dependent H3.1 to rapidly
restore this epigenetic mark (Fig. 4D) and pre-
vent overreplication. This model does not rule
out the possibility that some H3.1 might escape
DNA replication–coupled K27 monomethylation
(fig. S5). The inability of ATXR5/6 to methyl-
ate H3.3 may contribute to the protection of
transcriptionally active, H3.3-enriched regions
against H3K27me1 and repression during DNA
replication.
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Vertebrate Limb Bud Formation
Is Initiated by Localized
Epithelial-to-Mesenchymal Transition
Jerome Gros* and Clifford J. Tabin†

Vertebrate limbs first emerge as small buds at specific locations along the trunk. Although a fair
amount is known about the molecular regulation of limb initiation and outgrowth, the cellular
events underlying these processes have remained less clear. We show that the mesenchymal limb
progenitors arise through localized epithelial-to-mesenchymal transition (EMT) of the coelomic
epithelium specifically within the presumptive limb fields. This EMT is regulated at least in part
by Tbx5 and Fgf10, two genes known to control limb initiation. This work shows that limb buds
initiate earlier than previously thought, as a result of localized EMT rather than differential
proliferation rates.

In1971, Searls and Janners found that, at early
limb stages (Hamburger-Hamilton stage 17 to
18 in the chick), there is a substantial decrease

in proliferation of the flank mesoderm, whereas
higher rates are maintained within the emerging
vertebrate limb buds. Accordingly, they proposed

that localized regulation of proliferation at spe-
cific levels along the body axis is responsible
for limb initiation (1). However, the cellular
properties of the somatopleural lateral plate
cells that give rise to the limb bud have not
been identified.

During gastrulation, themesodermal germ layer
is formed through the generation of mesenchy-
mal cells from the epithelial epiblast. However,
shortly after gastrulation a reepithelization occurs
such that essentially the entire embryo is epithelial,
as defined by apical (F-actin) and basal (laminin)
epithelial markers: Not only are the ectoderm,
neural tube, and endoderm epithelial, but also the

notochord, the somites, the intermediate meso-
derm and the lateral plate mesoderm (i.e.,
splanchnopleural and somatopleural mesoderm,
Fig. 1, A and D). At stage 13 in the chick, before
any signs of limb bud formation, the somatopleure
displays epithelial rather thanmesenchymal char-
acteristics. Molecular characterization revealed
that, at this stage, F-actin and N-cadherin, as well
as b-catenin and atypical protein kinase C (aPKC),
localize at the apical end of somatopleure cells
(Fig. 1,AandD, and fig. S1,A andD).On the other
hand, vimentin is localized at the basal end of
somatopleural cells, and laminin is deposited only
on the basal side (Fig. 1, A and D, and fig. S1A),
demonstrating that at early stages the somatopleure
is a single cell layer and highly polarized, pseudo-
stratified columnar epithelium. These observations
differ from the previous assumption that limbs
originate from a preexisting mesenchymal pop-
ulation. Forelimb budmesenchyme first becomes
apparent at stage 14 to 15, whereas the more
posterior hindlimb mesenchyme can be first
observed only at stage 15 to 16, as revealed by
enrichment of vimentin expression and a con-
comitant loss of polarized localization ofN-cadherin,
b-catenin, F-actin, and aPKCwithin somatopleural
cells and basement membrane of laminin break-
down (Fig. 1, B and E, and fig. S1, B, C, E, and
F). Furthermore, mesenchyme in the trunk region
is only seen at stage 17, long after forelimb and
hindlimb mesenchymes have emerged (Fig. 1, C
and F, and fig. S2), and thus out of order relative
to the general rostral-caudal wave of development
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