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Mutations in the ATRX protein are associated with the alpha-thalassemia and mental retardation X-linked syn-
drome (ATR-X). Almost half of the disease-causing mutations occur in its ATRX-Dnmt3-Dnmt3L (ADD)
domain. By employing peptide arrays, chromatin pull-down and peptide binding assays, we show specific
binding of the ADD domain to H3 histone tail peptides containing H3K9me3. Peptide binding was disrupted
by the presence of the H3K4me3 and H3K4me2 modification marks indicating that the ATRX-ADD domain has
a combined readout of these two important marks (absence of H3K4me2 and H3K4me3 and presence of
H3K9me3). Disease-causing mutations reduced ATRX-ADD binding to H3 tail peptides. ATRX variants,
which fail in the H3K9me3 interaction, show a loss of heterochromatic localization in cells, which indicates
the chromatin targeting function of the ADD domain of ATRX. Disruption of H3K9me3 binding may be a gen-
eral pathogenicity pathway of ATRX mutations in the ADD domain which may explain the clustering of dis-

ease mutations in this part of the ATRX protein.

INTRODUCTION

ATRX is a large chromatin-associated nuclear protein of
~280 kDa that belongs to the SNF2 family of chromatin
remodeling proteins. It contains two highly conserved
domains, namely a plant homeodomain (PHD) zinc finger at
the N-terminus and a C-terminal ATPase/helicase domain.
Missense mutations in either of these domains lead to the
«-thalassemia and mental retardation (ATR-X) syndrome, a
hereditary X-linked disease that associates with severe
mental retardation, typical dysmorphic features, multiple con-
genital anomalies and a-thalassemia (1-3). Null mutations of
ATRX in mice are embryonically lethal due to a defect in the
formation of the extraembryonic trophoblast (4).

ATRX interacts with the transcription cofactor Daxx and
the complex shows adenosine-5'-triphosphate-dependent chro-
matin remodeling activities (5). ATRX is mainly localized in
heterochromatin (6) and in promyelocytic leukemia nuclear
bodies (5). In the N-terminal region of ATRX, adjacent to
the PHD domain, there is a coiled-coil motif region, which

is poorly conserved between the human and mouse ATRX
(7) and has been reported to interact with murine HP1a and
the Su(var)3-9 enhancer of zeste tritorax domain of the poly-
comb protein EZH2 (an H3K27 histone lysine methyltransfer-
ase) (6,8,9). It was also shown that the C-terminal helicase
region of ATRX interacts with methyl CpG binding protein
2 (MeCP2), which binds methylated DNA and is mutated in
the Rett syndrome. However, it has been shown that MeCP2
is not required for the correct targeting of ATRX, and the
N-terminus of ATRX is sufficient for its heterochromatin
localization (10).

The PHD finger of ATRX is atypical and shares homology
with the PHD domains of Dnmt3a, Dnmt3b and Dnmt3L and,
hence, the domain is called an ATRX-Dnmt3-Dnmt3L (ADD)
domain (11-13). The ADD domain consists of an N-terminal
GATA-like zinc finger, a PHD finger and a C-terminal
a-helix. Nearly half of all natural mutations causing the
ATRX syndrome occur in the ADD domain suggesting the
high functional significance of this domain (3,13). Moreover,
mutations in the ADD domain produce a more severe
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disease phenotype than mutations in the helicase domain of
ATRX (14). Some of the disease-causing mutations in the
ADD domain affect the folding of the domain and probably
destabilize the full-length ATRX protein. Other mutations,
however, lie on the surface of the domain and do not disrupt
the structure of the domain. These mutations may cause the
disease phenotype by disturbing the unknown functions or
interaction sites of this domain (13,15).

Despite the significance of the ADD domain in the
ATR-X syndrome, the function of this domain is still
unknown. It is known that PHD fingers from various
nuclear proteins differentially recognize either methylated
or unmodified lysine residues in histone tails (15,16).
Mutations in PHD fingers of many nuclear proteins are
associated with a variety of diseases, including immunodefi-
ciency syndrome, solid and blood cancers and neurological
disorders (15). Recently, it has been shown that the ADD
domains of Dnmt3a, Dnmt3b and Dnmt3L interact with
histone H3 tails that are unmethylated at lysine 4
(H3K4me0) (17-19). In addition, it was already shown
that ATRX and Daxx interact with H3.3. This interaction
is essential for ATRX localization and Hira-independent
localization of H3.3 at telomeres (20—-22).

In the present study, we have explored the function of the
ADD domain of ATRX by investigating its potential inter-
action with modified histone tails using peptide arrays. We
found that the ADD domain of ATRX interacts with histone
H3 tails that are trimethylated at lysine 9 (H3K9me3) and
unmethylated at lysine 4. Our results suggest that the ADD
domain of ATRX contains an H3K4me0-binding pocket
similar to the ADD domains of Dnmt3a and Dnmt3L, but in
addition, it also interacts with H3K9me3. We have also
studied the influence of some disease-causing mutations in
the ADD domain on histone peptide interaction.

RESULTS

We have applied CelluSpots peptide arrays comprising 384
histone tail peptides, which contain 59 post-translational modi-
fications in different combinations to study the interaction of the
purified ADD domain of ATRX with modified histone tails
(Fig. 1 and Supplementary Material, Information 1). The
ADD domain of ATRX specifically interacted with H3 peptides
containing the trimethylation mark at lysine 9 position (Fig. 1).
Weaker interaction was observed with H3 peptides that con-
tained H3K9me2, and no binding was seen with H3 peptides
that are unmethylated, monomethylated or acetylated at lysine
9 (Fig. 1). No or very weak binding was observed to peptides
with H3K4me3 even in the presence of the H3K9me3 modifi-
cation mark, indicating that the H3K4me3 modification inhib-
ited the binding of the ADD domain to the H3 peptide
(Fig. 1). The binding of the ATRX-ADD domain to
H3K9me3 peptides was not inhibited by the presence of sym-
metric or asymmetric dimethylation of R8 or citrullination of
this residue (Fig. 1). The ADD domain of ATRX failed to inter-
act with other histone tail peptides viz. H3 (7—26), H3 (16-35),
H3 (26—45), H4 (amino acids 1-19), H2A (1-19) and H2B (1 -
19) irrespective of their modification states (Fig. 1).
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Figure 1. Interaction of the ADD domain with histone tail peptide arrays con-
taining 384 peptides featuring various combinations of known and hypotheti-
cal modifications at the H3, H4, H2A and H2B histone tails (Supplementary
Material, Information 1). Histone 3 peptides consisting of amino acid residues
1-19 are labeled. The array is set-up in duplicates with two repeats of the
same peptides spotted on the right- and on the left-hand side. The modification
state of the some peptides is annotated.

Effect of disease-causing mutations on H3 tail binding

We investigated the influence of disease-causing mutations
located in the ADD domain of ATRX on the interaction of
the ADD domain with H3K9me3 peptides. For this purpose,
we introduced three disease-causing mutations (G249D,
R246C and R246L) in the ADD domain. The mutations
were selected based on their surface localization, and
nuclear magnetic resonance experiments documented their
wild-type-like structure (13). The glutathione-S-transferase
(GST)-tagged mutant protein domains were overexpressed
and purified (Supplementary Material, Fig. S1) and their
wild-type-like folding confirmed by circular dichroism (CD)
spectroscopy (Supplementary Material, Fig. S2). As reported
earlier (13), recombinant mutant protein expression levels
were only 30-40% of the wild-type ADD domain, which
might contribute to the pathological phenotype. All the three
mutant proteins showed a considerable decrease in binding to
H3K9me3 peptides, explaining the pathophysiology of these
mutations (Fig. 2A and Supplementary Material, Fig. S3).

Effect of K9me3-binding candidate residues on
H3 tail binding

Recently, the structures of the ADD domain of Dnmt3L and
Dnmt3a were solved in complex with an H3 tail peptide con-
taining unmethylated lysine at position 4 (17,18). The struc-
tures reveal tight interactions with the N-terminal ends of
the peptides including K4, but they do not show an interaction
of the Dnmt3a or Dnmt3L ADD domains with the K9 position.
Based on the observation that binding to trimethylated lysine
usually involves hydrophobic aromatic cages (16) and on the
amino acid similarity of the ADD domains (Fig. 3), we used
the complex of the Dnmt3L-ADD domain with the H3 tail
peptide to model the ATRX-ADD domain interaction with
histone 3 tail and identified a putative binding pocket for the
trimethylated lysine 9 of histone 3 tail formed by Y203,
Y204 and 1209 (Fig. 3). Trying to disrupt the H3K9me3 inter-
action of ADD, we individually mutated Y203, Y204 and 1209
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Figure 2. Interaction of wild-type and variant ADD domains with histone tail peptide arrays. (A) Effect of disease-causing mutations G249D, R246C and R246L
on the interaction of the ADD domain with histone tail peptide arrays. (B) Effect of H3 trimethyl lysine 9 binding pocket mutations Y203A, Y204A and 1209A
on the interaction of the ADD domain with histone tail peptide arrays. (C) Effect of mutations near H3K4-binding pocket D217A and D214A on the interaction

of the ADD domain with histone tail peptide arrays.

to alanine. The mutant domain proteins were expressed and
purified with similar yields as the wild-type domain (Sup-
plementary Material, Fig. S1) and their wild-type-like
folding confirmed by CD spectroscopy (Supplementary
Material, Fig. S2). Binding experiments on peptide arrays
showed that all the three variants had completely lost their
ability to specifically bind to the H3K9me3 peptide (Fig. 2B
and Supplementary Material, Fig. S3). Interestingly, the
ADD domains of Dnmt3L and Dnmt3a do not read the methyl-
ation state of H3K9 (17—19) which may be related to the fact
that no aromatic residue is present at the position correspond-
ing to Y203 in Dnmt3L and Dnmt3a, where this Y is replaced
by K or C, respectively (Fig. 3B).

Effect of H3K4me0-binding residues on H3 tail binding

In order to probe the H3K4me0-binding pocket of the ADD
domain of ATRX, we mutated D217 to alanine based on
sequence alignment with ADD domains of Dnmt3L and
Dnmt3a (Fig. 3B). The corresponding residues Q93 and Q534
form direct back-bone hydrogen bonds to the K4 amino group
in the structures of Dnmt3L and Dnmt3a, respectively. In
addition, we exchanged D214, which corresponds to D90 and
D531 in Dnmt3L and Dnmt3a, respectively, which form direct
side-chain hydrogen bonds to the K4 amino group. The mutation
of the corresponding D90 in Dnmt3L led to strong reduction in
binding to the H3 tail peptide (17). The mutant proteins were
expressed and purified with similar yields as the wild-type
domain (Supplementary Material, Fig. S1) and their
wild-type-like folding confirmed by CD spectroscopy (Sup-
plementary Material, Fig. S2). As expected, the mutant proteins
failed to interact with H3K9me3 peptides (Fig. 2C and Sup-
plementary Material, Fig. S3).

Equilibrium peptide-binding experiments

By using fluorescence depolarization and purified H3 tail
peptides, we determined the dissociation constant of the
ADD domain with the H3K9me3 peptide as 1.38 (£0.37)
wm (Fig. 4 and Table 1). Binding to the H3K9mel
peptide and the unmodified H3 tail peptide was 6-fold
and >60-fold weaker, respectively. Binding to the
H3K4me3/H3K9me3 peptide was >60-fold weaker, indicat-
ing that trimethylation of K4 blocks binding of the ADD
domain. These results are in good qualitative agreement
with the peptide array-binding experiments. We have also
examined the binding of the ADD domain of ATRX to
an H3K9me3 peptide lacking the first amino acid
(H3K9me3, 2—19 amino acids) and observed a very weak
binding with a dissociation constant above 80 um (Fig. 4
and Table 1). It is known that the ADD domains of
Dnmt3a and Dnmt3L interact with the N-terminal tail of
the H3 peptide and the first amino acid is contacted by
hydrogen bonds to the N-terminal amino group (17,18).
The Dnmt3a ADD domain failed to interact with H3 pep-
tides acetylated at the N-terminus (18,19), suggesting that
the interaction with the end of the H3 tail is similar in
all three ADD domains.

The dissociation constants of representative ADD domain
variants were also determined by using fluorescence depolar-
ization experiments. It was found that the disease-causing
mutations G249D and R246L reduced the binding affinity of
the ADD domain to the H3K9me3 peptide by 5-fold (Fig. 4
and Table 1). The Y203A mutation in the K9me3-binding
pocket and the mutation D217A in the K4meO-binding site
reduced the binding affinity of the ADD domain with the
H3K9me3 peptide by 18-fold and 32-fold, respectively
(Fig. 4 and Table 1).
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Figure 3. (A) Superposition of the ATRX-ADD domain (red) with the ADD domain of Dnmt3L in complex with H3 1-7 peptide (green). The overlay was generated
using Swiss Prot PDB viewer ver. 3.7 and it included 65 Ca atoms with an root mean square deviation (RMSD) of 1.67 A. The model identified a putative
H3K9me3-binding pocket formed by Y203, Y204 and 1209 (blue). (B) Sequence alignment of the ADD domains from ATRX, Dnmt3L, Dnmt3a and Dnmt3b.
The residues involved in K9me3 and K4me0 binding in ATRX are shaded blue and red, respectively. Disease-associated mutations are shaded green.
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Figure 4. Determination of dissociation constants by equilibrium peptide-binding experiments. The binding constants of the wild-type and variant ADD domains
were determined by fluorescence depolarization with H3K9me3 (1-19), H3K9mel (1-19) or H3K9me3 (2—19) fluorescently labeled peptides.



Table 1. Dissociation constants of ADD domain or variants as determined by
fluorescence depolarization with H3K9me3 (1-19), H3K9mel (1-19) or
H3K9me3 (2-19) fluorescently labeled peptides

Protein Peptide Kp value (um)
ADD-wt H3K9me3 1.3 +0.37
ADD-wt H3K9mel 84+ 1.1
ADD-wt H3K4me3/H3K9me3 >80

ADD-wt H3 (2-19) K9me3 >80

ADD-wt H3-unmodified >80
ADD-G249D H3K9me3 7.0+ 1.1
ADD-R246L H3K9me3 6.7 +0.22
ADD-Y203A H3K9me3 25 £0.47
ADD-D217A H3K9me3 44+19

Error margins represent the standard deviations of independent repeated
measurements.

Nucleosome and histone pull-down experiments with the
ATRX-ADD domain

The interaction of the ADD domain with the H3K9me3 modi-
fication mark was also confirmed by pull-down experiments
using native chromatin and histones. The GST pull-down
experiments were performed using the GST-tagged ADD
domain to pull-down native nucleosomes (mainly mononu-
cleosomes) isolated from HEK293 cells (Supplementary
Material, Fig. S4). As predicted by the results of the peptide
array-binding experiments and equilibrium peptide-binding
experiments, the ADD domain of ATRX interacted with
nucleosomes containing the H3K9me3 mark (Fig. 5SA and
Supplementary Material, Fig. S5A).

It has already been shown that the ADD domain of ATRX
could bind DNA homopolymers in vitro (23). Using native his-
tones isolated from HEK293 cells, we observed that the ADD
domain of ATRX interacts with histones containing
H3K9me3 marks (Fig. 5B and Supplementary Material,
Fig. S5B), indicating that the interaction is not DNA mediated.
We have analyzed the specificity of the ADD domain interaction
with histone tails by probing the bound fraction of the pull down
with different modification-specific antibodies. We found that
the histone fraction bound by the ADD domain was enriched
with the histones containing the H3K9me3 mark, but it did not
contain detectable amounts of the H3K4me3 and H3K27me3
marks (Fig. 5C and Supplementary Material, Fig. S5C). Equal
protein loading in all pull downs was confirmed by anti-GST
staining (Supplementary Material, Fig. S5). We conclude that
the ADD domain specifically interacts with histone 3 containing
the H3K9me3 modification mark.

Sub-cellular localization of GFP-NT-ATRX and its
variants

We studied the cellular localization of a GFP-fused N-
terminal fragment of ATRX containing the ADD domain.
In agreement with the published results (10), we observed
that the N-terminal part of ATRX is located in the
nucleus, where it formed distinct spots (Fig. 6 and
Supplementary Material, Fig. S6), which coincide with
4’ 6-diamidino-2-phenylindole ~(DAPI)-stained pericentro-
meric  heterochromatin  spots (Supplementary Material,
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Figure 5. Interaction analysis of the ADD domain with native oligonucleosomes
and native histones, purified from human cells, by using the GST pull-down assay.
The bound fractions were separated and immunoblotted with modification-
specific antibodies. (A) Interaction of the ADD domain with native oligonucleo-
somes containing H3K9me3 marks. (B) Interaction of the ADD domain with
native histones containing H3K9me3 marks. HP1f3 was used as a positive
control. The band intensities were analyzed quantitatively using Phoretix software
and the relative amounts are indicated below each band. (C) Specificity of the
H3K9me3 interaction with native histones. For the specificity analysis, the
bound fractions were separated and immunoblotted with anti-H3K9me3 antibody,
anti-H3K4me3 antibody or anti-H3K27me3 antibody.

Fig. S7). We have selected one example each of the
disease related (G249D), K9 pocket (Y203A) and K4 inter-
action (D217A) mutants described previously to investigate
whether these mutations, which all disrupt H3 tail binding,
interfere with the subnuclear localization of ATRX. Our
results show that all ATRX variants lost heterochromatic
localization. With G249D, a weak expression and hom-
ogenous cellular distribution was observed (Fig. 6).
Y203A was expressed at higher levels comparable with
the wild-type protein and also showed a homogenous distri-
bution with some depletion in the nucleus. The D217A
variant lost its heterochromatic localization, but it showed
aggregation in large nuclear and cytoplasmatic spots (Sup-
plementary Material, Fig. S8). While the result obtained
with the D217A variant due to its aggregation cannot be
interpreted in a straightforward manner, both other variants
clearly document that a loss of H3 tail binding of the ADD
domain interferes with the heterochromatic localization of
the ATRX protein in NIH3T3 cells.

DISCUSSION

The ADD domain of the ATRX protein is a hotspot for
mutations causing the ATR-X syndrome (3). In spite of this,


http://hmg.oxfordjournals.org/cgi/content/full/ddr107/DC1
http://hmg.oxfordjournals.org/cgi/content/full/ddr107/DC1
http://hmg.oxfordjournals.org/cgi/content/full/ddr107/DC1
http://hmg.oxfordjournals.org/cgi/content/full/ddr107/DC1
http://hmg.oxfordjournals.org/cgi/content/full/ddr107/DC1
http://hmg.oxfordjournals.org/cgi/content/full/ddr107/DC1
http://hmg.oxfordjournals.org/cgi/content/full/ddr107/DC1
http://hmg.oxfordjournals.org/cgi/content/full/ddr107/DC1
http://hmg.oxfordjournals.org/cgi/content/full/ddr107/DC1
http://hmg.oxfordjournals.org/cgi/content/full/ddr107/DC1
http://hmg.oxfordjournals.org/cgi/content/full/ddr107/DC1
http://hmg.oxfordjournals.org/cgi/content/full/ddr107/DC1

2200 Human Molecular Genetics, 2011, Vol. 20, No. 11

ATRX ADD - GFP

Example 1

Wild Type

G249D

Y203A

Example 2 Example 3

Figure 6. Localization of the GFP-NT-ATRX to nuclear heterochromatic spots in NIH3T3 cells (see also Supplementary Material, Fig. S6). Spotty nuclear
localization is lost in the G249D and Y203A variants. The ATRX spots coincide with DAPI-stained heterochromatic spots (Supplementary Material,
Fig. S7). The pictures shown are representative for all cells in the respective experiments (>50 in each case). The scale bars correspond to 5 um.

the molecular function of this domain remained unknown. It
had been suggested that it might interact with histone 3 tails
(3,13,15) and recently it was shown that ATRX and Daxx
interact with H3.3 (20-22). The related ADD domains of
Dnmt3a and Dnmt3L interact with H3 tails unmodified at
K4 (17-19). In this study, we report that the ADD domain
of ATRX indeed interacts with H3 tails. It shares with the
related ADD domains that binding is only possible if K4 is
unmodified. However, it possesses an additional readout for
K9me3, and it actually needs both of these marks for pro-
ductive binding, indicating a simultaneous readout of these
two important chromatin marks. Our data suggest that the
interaction of the ATRX, Dnmt3a and Dnmt3L-ADD
domains with the N-terminus of the H3 tail, which precludes
the binding of peptides with modified K4, is similar among
all three proteins. However, the binding to H3K9me3 suggests
the presence of an additional aromatic cage-binding pocket for
the trimethyl lysine side chain of K9 which is specific for the
ATRX-ADD domain. We provide evidence that this pocket is
created by Y203, Y204 and 1209. We could find these candi-
date residues on the basis of the superposition of the
ATRX-ADD domain with the Dnmt3L-ADD domain, which
contains the peptide ligand ordered up to residue 7. The lack
of an aromatic residue at the position corresponding to Y203
in Dnmt3a and Dnmt3L may explain why these domains do
not show preference for H3K9me3. Simultaneous readout of
K4me0 and K9me3 by the ATRX-ADD domain is observed
in peptide array binding and with isolated peptides. In
addition, we show that disruption of either of the pockets pre-
vents peptide binding. Our observation that disease-causing
mutations in the ADD domain reduce the affinity of this inter-
action, and that this interferes with the heterochromatic

localization of the ATRX protein shows how these mutations
may lead to the ATR-X syndrome phenotype.

Several lines of previously published evidence strongly
support our conclusions. It is established that ATRX is
mainly localized on heterochromatin (6), which is one of the
major sites of H3K9me3 marks (24,25). Indeed, the
co-localization of ATRX and H3K9me3 was demonstrated
in pericentric heterochromatin regions in mouse cells (26).
The observation that the mutation of lysine 4 in the H3 tail
abrogates binding by ATRX (20) also supports our model of
a combined readout of K4meO and K9me3 by the
ATRX-ADD domain. The chromatin targeting of ATRX
may be further enhanced by its interaction with HPla (6,8).
In addition, ATRX interacts with MeCP2 via its C-terminal
domain, which could contribute to heterochromatic targeting,
through the interaction of MeCP2 with methylated DNA in
post-mitotic neurons where MeCP2 is highly abundant.
However, it has been shown that the N-terminal domain of
ATRX alone is sufficient for heterochromatin localization,
which ruled out the possibility that ATRX heterochromatin
localization is based on its interaction with MeCP2 (10). We
showed here that the ADD domain of ATRX interacts with
H3K9me3, which can directly target the protein to heterochro-
matin. The association of ATRX and heterochromatin may
further be stabilized by its interactions with DNA, HPla
and MeCP2, thereby generating a network of interacting
factors and domains. Our results showing that the N-terminal
part of ATRX lost its heterochromatic localization when
binding of the ADD domain to H3 tails is disrupted suggest
that the ADD domain (and its binding to K4me0/K9me3 H3
tails) plays an important role in heterochromatic localization
of ATRX.
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We have shown that disease-causing mutations G249D,
R246C and R246L reduced the interaction of the ADD
domain with the H3 tail leading to a loss of heterochromatic
localization. These mutations are located on the surface of
the ADD domain of ATRX and they do not disrupt the struc-
ture of the domain. Our observation suggests that the molecu-
lar basis of the ATRX syndrome caused by these mutations
lies in the disruption of the chromatin recognition function
of the ADD domain. Disruption of H3K9me3 binding may
be a general pathogenicity pathway of ATRX mutations,
which may explain the clustering of disease mutations in the
ADD domain.

EXPERIMENTAL PROCEDURES

Cloning, site-directed mutagenesis, expression and
purification

The sequence encoding the human ADD domain of ATRX
(residues 163-292 in NP_000480.2) was cloned into
pGEX-4T3 vector (GE Healthcare) as a fusion protein with
GST using BamHI and Xhol sites. The G249D, R246C,
R246L, D217A, D214A, Y203A, Y204A and 1209A mutations
were introduced by the PCR-megaprimer mutagenesis method
as previously described (27). Mutagenesis was confirmed by
restriction marker site analysis and DNA sequencing.

For expression, E.coli BL21 (Novagen) carrying the corre-
sponding plasmid were grown in the Luria-Bertani medium
at 37°C to ODggpo =~ 0.6, then shifted to 22°C for 20 min and
induced overnight with 1 mm isopropyl B-D-thiogalactoside.
The collected cells were re-suspended in 20 mm 4-(2-hydro-
xyethyl)-1-piperazineethanesulfonic acid (HEPES) (pH 7.5),
0.5 M KCI, 0.2 mm dithiothreitol (DTT), 1 mm ethylenediami-
netetraacetic acid and 10% glycerol and disrupted by soni-
cation. The supernatants were passed through glutathione
Sepharose 4B resin (Amersham Biosciences) and washed
with the same buffer. The bound proteins were eluted with a
similar buffer containing 40 mm glutathione and dialyzed in
20 mm HEPES (pH 7.5), 0.2m KCIl, 0.2mm DTT, 1 mm
EDTA and 10% glycerol for 2 h then overnight in 20 mm
HEPES (pH 7.5), 0.2 m KCI, 0.2 mm DTT, 1 mm EDTA and
60% glycerol.

Binding of protein domains to peptide arrays containing
modified residues

Peptide arrays are ideal tools to analyze the binding specificity
of histone tail antibodies (28) and epigenetic reading domains
(29,30). Here, we used a peptide array comprising 384 peptide
spots prepared by the CelluSpots method (31) to study the
interaction of the purified ADD domain of ATRX with modi-
fied histone tails (Fig. 1). The array contains peptides from
eight different regions of the N-terminal tails of histones,
namely H3 1-19, 7-26, 16—35 and 26—45, H4 1-19 and
11-30, H2A 1-19 and H2B 1-19 (Fig. 1 and Supplementary
Material, Information 1), featuring 59 post-translational modi-
fications in many different combinations. Each array presented
the same peptides in duplicate for quality control. The results
were confirmed by binding of the ADD domain to SPOT
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peptide arrays originating from an independent peptide syn-
thesis (data not shown).

The CelluSpot arrays were provided by Intavis AG (Kdln,
Germany). They are now commercially available from
Active Motif (Cat. No. 13001). The array was blocked by
overnight incubation in the tween 20 containing tris buffered
saline (TTBS) buffer (10 mm Tris/HCl pH 8.3, 0.05%
Tween-20 and 150 mm NaCl) containing 5% non-fat dried
milk at 4°C. The membrane was then washed once with the
TTBS buffer, and incubated with 50 nm purified GST-tagged
ADD domain of ATRX or mutant domains at room tempera-
ture for 1h in interaction buffer [100 mm KCI, 20 mm
HEPES (pH 7.5), 1 mm EDTA, 0.1 mm DTT and 10% gly-
cerol]. The membrane was washed in the TTBS buffer and
incubated with goat anti-GST antibody (GE Healthcare #27-
4577-01, at 1:5000 dilution) for 1h at room temperature.
The unbound antibody was washed three times with TTBS
and the membrane was incubated with horseradish peroxidase-
conjugated anti-Goat antibody (Invitrogen #81-1620 1:12000)
in TTBS for | h at room temperature. Finally, the membrane
was submerged in ECL developing solution (GE Healthcare)
and the image was captured on X-ray film. Typical exposure
times were 0.5—5 min. The images were analyzed using an
in-house program (Array Analyze, available at http://www.a
ctivemotif.com/catalog/667.html or from the authors upon
request).

Fluorescence depolarization

Purified peptides were purchased from Intavis AG (Kdln,
Germany). Fluorescence depolarization experiments were
carried out at 25°C using a Varian Carry Eclipse fluorescence
spectrophotometer. The binding constant of the ADD domain
or its variants to the fluorescein isothiocyanate-coupled pep-
tides [H3K9me3 (amino acids 1-19), H3K9mel (amino
acids 1-19) or H3 (2—19) K9me3 (amino acids 2—19)] was
determined using 100 nm of peptide incubated with increasing
concentrations of the ADD domain in interaction buffer
(25 mm Tris pH 8.0, 100 mm KCI, 5 mm MgCl,, 10% glycerol
and 0.1% NP40) by fluorescence depolarization (excitation at
494 nm, emission at 524 nm and excitation and emission slits
at 5 nm). The data were fitted to a binary-binding equilibrium
including a variable baseline (BL) and effect factor (F) to
determine the equilibrium-binding constant using the Micro-
soft Excel Solver module (32).

Signal = BL + F x c(peptide, bound)

. . c(ADD)
c(peptide, bound) = c(peptide, total) x [c(ADD) + Ku]
The binding of the weak binding variants to the H3K9me3
peptide was analyzed using the signal factor observed for wild-
type binding to the same peptide. The binding constant of the
ADD domain to the unmodified H3 and double-modified H3
K4me3/K9me3 peptides was estimated by competition exper-
iments in which 100 nm of fluorophore-coupled H3K9me3 was
incubated with 2.75 um of the ADD domain in interaction
buffer, and their interaction was competed with 5-, 10-, 100-,
200- and 250-fold molar excesses of unlabeled unmodified H3
1-19 peptide. The data were fitted to the ternary-binding
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equilibrium model in which the labeled und unlabeled peptides
compete for binding to the protein. The binding constant to the
H3 (2-19) K9me3 peptide was estimated assuming a similar
signal factor as observed to H3 (1-19) K9me3.

GST pull-down assay

Native histones were isolated from the HEK293 cell line using
the acid extraction method as previously described (33).
Native oligonucleosomes were prepared from the HEK293
cell line by partial Micrococcal nuclease (NEB) digestion of
nuclei. The oligonucleosomes were isolated as described
(34), with the exception that following the Micrococcal nucle-
ase digestion, the nuclei were pelleted and the supernatant
containing oligoncleosomes (predominantly mononucleo-
somes) was used for the GST pull-down assay.

For the GST pull-down with native oligonucleosomes, 20 .l
of Glutathione Sepharose 4B resin (Amersham Biosciences)
were incubated with 8 wg of the GST-tagged ADD domain
of ATRX for 1h at 4°C in chromatin interaction buffer
(50 mm Tris pH 8.0, 100 mm NaCl, 2 mm EDTA and 0.1%
Triton X-100). The beads were washed once with interaction
buffer and blocked in interaction buffer containing 5%
bovine serum albumin (BSA) for 1 h at 4°C. One hundred
micrograms of native oligonucleosomes dissolved in inter-
action buffer were added to the beads and incubated for 3 h.
Finally, the beads were washed three times with interaction
buffer and re-suspended in 2 x sodium dodecyl sulfate poly-
acylamide gel electrophoresis (SDS-PAGE) loading dye. The
beads were boiled for 10 min, spun down and the supernatant
containing the bound fraction was separated on a 16% SDS—
PAGE gel and immunoblotted with anti-H3K9me3 antibody
(Abcam, ab8898).

For the GST pull down with native histones, 20 ul of Glu-
tathione Sepharose 4B resin (Amersham Biosciences) was
incubated with 8 pg of GST-tagged ADD domain of ATRX
or 4 pg of GST-tagged chromo domain of HP1B for 1h at
4°C in the histone interaction buffer (25 mm Tris pH 8.0,
150 mm KCl, 5 mm MgCl,, 10% glycerol and 0.1% NP40
equivalent). Then the beads were washed once with interaction
buffer and blocked with interaction buffer containing 5% BSA
for 1 h at 4°C. Twenty micrograms of native histones were
added to the beads in interaction buffer and incubated for 3 h
in interaction buffer. Finally, the beads were washed three
times with wash buffer (25 mm Tris pH 8.0, 400 mm KClI,
5mm MgCl,, 10% glycerol and 0.1% NP40 equivalent) and
re-suspended in 2x SDS—-PAGE loading dye. The beads
were boiled for 10 min, spun down and the supernatant
containing the bound fraction was separated on a 16%
SDS—PAGE and immunoblotted with modification-specific
histone antibodies: anti-H3K9me3 antibody (Abcam, ab8898),
anti-H3K27me3 antibody (Active Motif) and anti-H3K4me3
antibody (Active Motif) or anti-GST antibody (GE Healthcare).
GST-tagged HP13, which is known to bind histones containing
H3K9me3 (35), was used as a positive control.

Cell culture and microscopy

An expression construct for the GFP-fused N-terminal to ADD
domain part of human ATRX splicing isoform 2 was obtained

from Dr Adrian Bird (Edinburgh, UK) (10). The Y203A,
D217A and G249D mutants were introduced as described
above and sequenced. NIH3T3 cells were grown in Dulbecco’s
modified eagle’s medium with 10% (v/v) fetal calf serum and
2 mm L-glutamine at 37°C in 5% (v/v) CO,. The cells were
seeded on cover slips and 1-2 x 10° cells were transfected
with the GFP-NT-ATRX constructs in six-well plates using
FuGENE 6 (Roche, Basel, Switzerland) and 1 pg of total
plasmid DNA per well according to the manufacturer’s
instructions. Two days after transfection, the cells were fixed
with 4% (w/v) paraformaldehyde and embedded with
Mowiol (Carl Roth). Confocal images were taken with a
Zeiss LSM510 instrument (Carl Zeiss, Jena, Germany, soft-
ware version 3.0) using a 63 x oil immersion objective. The
Argon laser line at 514 nm was used to excite GFP fluor-
escence and a BP530-550 filter was used for image recording.
Fluorescence microscopy pictures were taken using an AXIO-
PLAN2 microscope equipped with AxioCam HRc camera and
Achroplan 100 x oil immersion objective with filter sets DAPI
FT395/LP420 and GFP BP450-490/FT510 (all from Carl
Zeiss).
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Supplementary Material is available at HMG online.
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