
GST-tagged proteins using a pGEX 4T vector (Pharmacia). Full-length XIAP, BIR3 and
mutant BIR3 were in vitro translated in the presence of 35S-methionine in reticulocyte
lysates using MYC-pcDNA3 vector. Smac, caspase-9-p12, p10 and linker peptide were
overexpressed in E. coli strain BL21(DE3) as C-terminally GST-tagged proteins using a
pET-28-GST vector. Apaf-1L was expressed in Sf-9 insect cells and puri®ed to homo-
geneity as previously described14.

Reconstitution and assay of the activity of the caspase-9±Apaf-1 holoenzyme

complexes

Recombinant WT and mutant caspase-9 proteins (20 nM) were incubated in the presence
or absence of recombinant Apaf-1 (20 nM) in buffer A6. The reaction mixtures were
stimulated with cytochrome c (5 ng ml-1) and dATP (1 mM) and incubated for 0±60 min
at 30 8C with puri®ed procaspase-3 C163A, and the processing of procaspase-3 was
analysed by western blot analysis with anti-caspase-3 antibody (Fig. 1c). The holoenzyme
complexes were also reconstituted as above in caspase-9-depleted S100 extracts from Apaf-
1-de®cient mouse embryonic ®broblasts (Fig. 1d). The DEVD-AMC cleaving activity of
the reconstituted extracts were measured over a time of 0±120 min by luminescence
spectrometry and represented in arbitrary spectrometric units. In some experiments the
WT and the unprocessed triple-mutant (E306/D315/330A) caspase-9 proteins (speci®c
activity ,10 ¯uorogenic units per s per ng) were reconstituted with Apaf-1 and
cytochrome c plus dATP in the presence of increasing amounts of XIAP, and the cleavage of
35S-labelled procaspase-3 by the complexes was analysed by SDS-PAGE and autoradio-
graphy (Fig. 2a).

Gel-®ltration analysis of the caspase-9±Apaf-1 holoenzyme complexes

These procedures were performed as described before14. Caspase-9±Apaf-1 holoenzyme
complexes containing WT or mutant caspase-9 were reconstituted in the presence of
cytochrome c (5 ng ml-1) and dATP (1 mM) in oligomerization buffer I (25 mM HEPES
(pH 7.4), 50 mM NaCl, 10 mM KCl, 5 mM MgCl2, 100 mg ml-1 BSA, 5% glycerol, and
0.1 mM DTT) for 1 h at 30 8C. After incubation, the reaction mixtures were diluted with
oligomerization buffer I and aliquots of each sample (100 ml) were loaded onto Superose-6
FPLC column. Equal volumes of the column fractions (50 ml) were separated by SDS-
PAGE and immunoblotted with anti-Apaf-1 and anti caspase-9. In some experiments, the
holoenzyme complexes were reconstituted in the presence of XIAP (Fig. 2b).

Far-western blotting

Af®nity puri®ed proteins were subjected to SDS-PAGE and were transferred to nitro-
cellulose membrane using standard western blotting techniques. The proteins on the
membrane were denatured in a buffer (10 mM sodium phosphate pH 7.4, 150 mM sodium
chloride, 5 mM magnesium chloride and 1 mM DTT) containing 6 M guanidine-HCl. The
proteins were renatured by gradual reduction of guanidine-HCl to 0.3 M. The membrane
was blocked overnight in the same buffer containing 5% non-fat dry milk and then
incubated with 35S-labelled in vitro translated XIAP in the same buffer with 1% non-fat dry
milk. The membrane was washed at least three times and then exposed to X-ray ®lm.

In vitro interaction assays

All in vitro interactions were performed as described6.

Determination of IC50

WT caspase-3 or caspase-3 mutant proteins (10 pM) were incubated with puri®ed BIR3
(0.5±800 nM) or BIR1-BIR2 proteins (0.1±80 nM) at 37 8C in the presence of DEVD-
AMC (100 mM) for 30 min and the substrate cleavage was measured by luminescence
spectrometry. The IC50 values were then calculated using Graphpad Prism V2.0
(Graphpad Prism Software, San Diego, CA).

DEVD cleavage assays

Caspase-3 enzymatic assays with the tetrapeptide substrate DEVD-AMC were performed
as described6.

Computer modelling

On the basis of the crystal structure of a Smac±BIR3 complex13, the N-terminal tetra-
peptide of Smac was replaced by that from the p12 subunit of human caspase-9. Then we
performed limited energy minimization on the complex between BIR3 and the tetra-
peptide from the p12 subunit of the human caspase-9.
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Distinct modi®cations of histone amino termini, such as acetyla-
tion, phosphorylation and methylation, have been proposed to
underlie a chromatin-based regulatory mechanism1,2 that modu-
lates the accessibility of genetic information. In addition to
histone modi®cations that facilitate gene activity, it is of similar
importance to restrict inappropriate gene expression3,4 if cellular
and developmental programmes are to proceed unperturbed.
Here we show that mammalian methyltransferases that selectively
methylate histone H3 on lysine 9 (Suv39h HMTases)5 generate a
binding site for HP1 proteinsÐa family of heterochromatic
adaptor molecules6,7 implicated in both gene silencing and
supra-nucleosomal chromatin structure. High-af®nity in vitro
recognition of a methylated histone H3 peptide by HP1 requires a
functional chromo domain; thus, the HP1 chromo domain is a
speci®c interaction motif for the methyl epitope on lysine 9 of
histone H3. In vivo, heterochromatin association of HP1 proteins
is lost in Suv39h double-null primary mouse ®broblasts but is
restored after the re-introduction of a catalytically active
SUV39H1 HMTase. Our data de®ne a molecular mechanism
through which the SUV39H±HP1 methylation system can con-
tribute to the propagation of heterochromatic subdomains in
native chromatin.

The `histone code' hypothesis1,2 predicts that distinct modi®ca-
tions of the histone N termini can regulate interaction af®nities
for chromatin-associated proteins, similar to the binding of
transcription factors to speci®c DNA sequences. For example, the
acetylation of histone H4 tails induces an increased af®nity
for bromo-domain proteins8, thereby recruiting histone acetyl-
transferases (HATs) to nucleosomal regions of transcriptional
activity. The human (SUV39H1) or murine (Suv39h1) histone
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methyltransferases (HMTases) and their associated HP1 proteins9

share the evolutionarily highly conserved chromo domain10,11,
which has been implicated in directing euchromatic or heterochro-
matic localizations12. On the basis of these intriguing parallels, we
reasoned that the SUV39H1-dependent methylation of lysine 9 in
H3 (ref. 5) may generate a speci®c binding surface for either the
HMTase itself or for the associated HP1 protein(s).

To investigate directly whether SUV39H1 or HP1 proteins could
display af®nity for the H3 N terminus, we developed an in vitro
`pull-down assay' by covalently coupling unmodi®ed, Lys-9-
dimethylated (K9-dimeth) and Ser-10-phosphorylated (S10-phos)
H3 N-terminal peptides (residues 1±20) to an af®nity matrix (see
Methods). As a control, we also prepared a matrix presenting an
unmodi®ed H4 N-terminal peptide (residues 1±20). Triple Myc-
tagged complementary DNAs of human SUV39H1 and murine
HP1a, HP1b and HP1g were in vitro translated, and recombinant
proteins were incubated with a 1,000-fold or greater excess (see
Methods) of the different covalently attached histone N-terminal
peptides. After extensive washing, bound proteins were visualized
by protein blot analysis with anti-Myc antibodies. To compare
binding speci®cites, we also included the transcription factor Pax5
(ref. 13) and the murine Polycomb group protein mPC1 (ref. 14) in
this analysis (Fig. 1a, b). The Drosophila Polycomb15 and HP1
(ref. 16) proteins have been shown to interact with histones in vitro.

Whereas (Myc)3±Pax5 did not display binding to any of
the matrices, (Myc)3±mPC1 showed nonspeci®c associations.
Similarly, although binding of (Myc)3±SUV39H1 was slightly
enhanced with the K9-dimeth peptide, it was also retained with
all of the other N termini. In contrast, the three (Myc)3±HP1
proteins only reacted with the K9-dimeth peptide (Fig. 1c, lower
panels) but did not display associations with unmodi®ed H3, or the
S10-phos or H4 peptides.

HP1 proteins are characterized by the evolutionarily conserved
chromo domain10,11 and by a related carboxy-terminal shadow

domain that directs intra- and intermolecular interactions6,7. To
examine the domain requirements for association with the H3 Lys 9
N terminus, we introduced point mutations (V23M or V26R) in the
®rst b-sheet of the HP1b chromo domain that would interfere with
a predicted hydrophobic binding pocket12. We also generated
truncated (Myc)3±HP1b proteins that comprise only the chromo
(residues 4±96) or the shadow (residues 110±185) domain (Fig. 2a).
Quantitative pull-down assays with full-length HP1b indicated that
saturated binding occurred with a 500- to 10,000-fold excess of the
H3 K9-dimeth peptide. By contrast, both chromo point mutants
displayed impaired af®nity and the shadow domain showed no
interaction at all (Fig. 2b). Notably, the isolated HP1b chromo
domain can recognize the H3 Lys 9 methylation mark, although its
binding requires a 10- to 20-fold increase in the concentration of the
H3 K9-dimeth peptide as compared with full-length HP1b.

To validate these ®ndings, we next examined the relative ratios at
which free peptide would compete away full-length HP1b or the
isolated HP1b chromo domain from the af®nity matrix. We bound
about 20 ng of (Myc)3±HP1b or (Myc)3±chromo to the H3 K9-
dimeth matrix and then incubated with increasing concentrations
(10-fold increments) of either unmodi®ed or K9-dimeth H3 pep-
tides. Whereas the unmodi®ed H3 peptide was inactive over the
entire concentration range, a 10,000-fold excess of the K9-dimeth
H3 peptide was required to dissociate (Myc)3±HP1b (Fig. 2c). By
contrast, the af®nity of (Myc)3±chromo was signi®cantly weaker;
this domain had already eluted at a 1,000-fold excess of the K9-
dimeth H3 peptide. Together with the above results, these data
indicate that the HP1b chromo domain interacts with the H3 Lys9
methylation mark in vitro; however, they further suggest that full-
length HP1b or an HP1b dimer17 is necessary for high-af®nity
binding. The latter interpretation is particularly intriguing
because it would allow many interactions to occur between Lys-9-
dimethylated H3 N termini and dimerized HP1 molecules, thereby
stabilizing their binding.
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Figure 1 The H3 Lys 9 methyl epitope activates a speci®c binding site for HP1 proteins

in vitro. a, Diagram of the domain structures of murine Pax5, murine mPC1, human

SUV39H1 and murine HP1a, HP1b and HP1g. b, Protein blot of in vitro translated and

pre-calibrated (Myc)3-tagged proteins detected by anti-Myc antibodies. c, In vitro pull-
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To show that H3 Lys 9 methylation is also the crucial determinant
for HP1 localization in native chromatin, we next analysed the
nuclear distribution of HP1 proteins in wild-type versus mutant
primary mouse embryonic ®broblasts (PMEFs) in which the two
murine Suv39h genes had been disrupted5. Mammalian HP1 pro-
teins are enriched at heterochromatic foci18,19, which can readily be
visualized in mouse cells by counterstaining of (A+T)-rich repeat
sequences with 49,6-diamidino-2-phenylindole (DAPI). Hetero-
chromatic association of murine HP1 proteins was unaltered only
if single Suv39h1 or Suv39h2 gene disruptions were introduced into
PMEFs (data not shown; for wild-type localization see below). By
contrast, indirect immuno¯uorescence for HP1b or HP1a epitopes
in interphase chromatin of Suv39h double-null PMEFs indicated
that both proteins are dispersed from heterochromatin. These
results are consistent with complementary analyses of clr4 mutants
in Schizosaccharomyces pombe20.

To determine more de®nitively that HP1 localization is depen-
dent on Suv39h-mediated HMTase activity and not on association
with Suv39h proteins9,21, we re-introduced an active human
(Myc)3±SUV39H1 HMTase or a catalytically inactive (Myc)3±
SUV39H1 mutant (H324L)5 into wild-type and Suv39h double-
null PMEFs by retroviral infection. Expression of a linked green
¯uorescent protein (GFP) indicated 80±90% infection ef®ciency
(see Methods; data not shown). Protein blot analysis with nuclear
extracts from infected cells con®rmed a comparable abundance of
ectopic proteins (Fig. 3a), and catalytic activity or inactivity (of the
H324L mutant) was shown by HMTase assays after immunopreci-
pitation with anti-Myc antibodies (Fig. 3b).

We then examined nuclear localization of ectopic SUV39H1
proteins in wild-type PMEFs by indirect immuno¯uorescence
with anti-Myc antibodies. Whereas mock-infected cells were Myc
negative, both (Myc)3±SUV39H1 and the (Myc)3±SUV1(H324L)
mutant are enriched at heterochromatic foci, in a staining that
largely overlaps with colocalized HP1b and HP1a (Fig. 4, right
panels). This result indicates that heterochromatin association of
SUV39H1 in a wild-type background can be uncoupled from its
intrinsic HMTase activity, and is consistent with our previous
structure±function analysis that de®ned a heterochromatin target-
ing and HP1b interaction domain at the N terminus of SUV39H1
(ref. 21).

Finally, we colocalized ectopic SUV39H1 and endogenous HP1b
and HP1a proteins in infected Suv39h double-null PMEFs. In
contrast to wild-type cells, the (Myc)3±SUV1(H324L) mutant
only displayed diffuse nuclear staining, similar to the dispersed
distribution of endogenous HP1 proteins (Fig. 4, left panel).
Notably, the catalytically active (Myc)3±SUV39H1 HMTase was
enriched at heterochromatin and could induce relocalization of
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HP1b and HP1a to these heterochromatic foci (Fig. 4, middle row,
left panel). Together, these results strongly suggest that the Suv39h-
dependent methylation of Lys 9 in H3 (ref. 3) transduces the signal
to recruit the SUV39H±HP1 complex to heterochromatic regions
in mammalian chromatin.

In contrast to gene activity controlled by sequence-speci®c
transcription factors, epigenetic mechanisms for variegating
gene expression have been dif®cult to de®ne at a molecular
level, because it remained unclear how they would discriminate
target loci for activation or repression22±25. The Suv39h HMTases
selectively methylate H3 at Lys 9, and their activity is impaired by
pre-existing modi®cations in the H3 N terminus5. Thus, condi-
tions that entail the presentation and incorporation of unmo-
difed H3 tails, for example, decaying transcriptional activity
during developmental programmes26 or replication-coupled his-
tone deposition27,28 at transcriptionally non-permissive regions,
are likely to favour the establishment of the Suv39h-dependent
H3 Lys 9 methyl epitope. Moreover, because Lys 9 in H3 can
either be methylated or acetylated1,29, competitive modi®cation of
this position could provide a molecular `switch' for the induction
of euchromatic or heterochromatic subdomains, if the activity or
abundance of the respective enzymes is altered. For example,
forced overexpression of SUV39H1 induces ectopic heterochro-
matin by redistributing endogenous HP1b21. On the basis of our
data, we propose that the SUV39H±HP1 methylation system
contributes to higher order chromatin organization by propagat-
ing a heterochromatin-speci®c af®nity in the histone H3 N
terminus. M

Methods
In vitro translation of (Myc)3±tagged proteins

A (Myc)3±H6 epitope including a unique NotI cloning site was inserted into the polylinker
of pKW2T, which allows in vitro transcription by the SP6 RNA polymerase. The plasmid
for parental (Myc)3±SUV39H1 (residues 3±412) has been described9. Additional (Myc)3-
tagged proteins were generated by transferring NotI/EcoRI polymerase chain reaction
(PCR) amplicons into the pKW2T derivative, encoding in-frame fusions for Pax5
(residues 4±391)13, mPC1 (residues 3±519)14, HP1a (residues 5±191), HP1b (residues 5±
185), HP1g (residues 5±173) and the HP1b chromo (residues 4±96) or HP1b shadow
(residues 110±185) domain7,11,17. The V23M and V26R point mutations were directly
generated in the (Myc)3±HP1b construct by double PCR mutagenesis. All plasmids were
con®rmed by sequencing, which detected the presence of a point mutation (G8A) in

mPC1 and of another point mutation (D65A) in HP1g.
Plasmid DNA (1 mg) was transcribed and translated (TNT-kit; Promega) in a volume of

50 ml, and in vitro translated (IVT) proteins were calibrated by immunoblotting with anti-
Myc antibodies visualized by peroxidase staining using enhanced chemiluminescence
(ECL; Amersham).

In vitro pull-down assays with peptide matrices

Af®nity matrices were generated in 400 ml of HEPES pH 7.9 by covalently coupling, for 2 h
at room temperature, 1.4 mg of histone peptides (,600 nmol) through a C-terminal
cysteine to 5 mg of activated Poros beads (Applied Biosystems), representing ,300 nmol
of active maleimid groups through the bifunctional crosslinker sulfo-GMBS (Pierce).
Saturation of the matrices was determined by the 412-nm absorbance of free thiol-groups
using 5,59-dithio-bis (2-nitrobenzoic acid) (Sigma). Matrices can be stored at 4 8C.

The unmodifed H3 N-terminal (residues 1±20), K9-dimeth and S10-phos H3 peptides
have been described5. In addition, we also prepared an af®nity matrix with the N terminus
of histone H4 (SGRGKGGKGLGKGGAKRHRK-Cys).

In vitro pull-down assays were modi®ed on the basis of described protocols30 with a
< 1,000-fold excess of N termini over IVT proteins. For one in vitro reaction, 10 ml of the
peptide matrices (# 1 nmol of covalently attached peptide) were washed three times in
binding buffer (20 mM Tris pH 8, 150 mM NaCl, 1 mM EDTA, 0.1% Triton X-100) before
incubation with 2±10 ml of IVT proteins (,1 pmol or 20 ng of recombinant protein) in a
volume of 170 ml for 60 min at room temperature. Reactions were vigorously washed ®ve
times in 50 mM HEPES pH 7.5, 0.5 M NaCl, 1 mM EDTA, 1% NP-40, and bound proteins
were eluted in SDS sample buffer, separated by 10 or 12% SDS±PAGE and visualized by
immunoblotting with anti-Myc antibodies.

For the elution analysis, eight aliquots of 20 ng IVT proteins were bound for 1 h at room
temperature under saturating conditions to 10 ml ((Myc)3±HP1b) or 100 ml ((Myc)3±
chromo) of the K9-dimeth matrix and washed twice. Loaded matrices were then incubated
for an additional 1 h at room temperature in 150 ml of binding buffer containing
increasing concentrations of free peptides, washed ®ve times and analysed as above.

Analysis and rescue of PMEFs

PMEFs were derived from embryonic day E12.5 Suv39h double-null fetuses obtained after
intercrossing Suv39h1-/-/Suv39h2+/- compound mutant mice (D. O'C. et al., manuscript
in preparation). As controls, PMEFs were prepared from wild-type fetuses of the same
genetic background. Co-staining of Triton X-100 extracted PMEF interphase chromatin
was performed with rat monoclonal anti-HP1b18 and mouse monoclonal anti-Myc (9E10)
antibodies, or with mouse monoclonal anti-HP1a (Piere Chambon, Illkirch) and rabbit
polyclonal anti-Myc (9E10) (Lukas Huber, IMP) antibodies, followed by counterstaining
of DNA with 49,69-diamidino-2-phenylindole (DAPI; Sigma) as described21.

For the rescue experiment, the H324L mutation5 was introduced into full-length
(Myc)3±SUV39H1, and (Myc)3±SUV39H1 and (Myc)3±SUV1(H324L) SalI/EcoRI DNA
fragments were transferred into the polylinker of MSCV±MIGR1 (a derivative of murine
stem-cell virus plasmid; Clontech) that contains a linked humanized IRES±GFP protein
instead of PGK±neo. SUV1 plasmids and empty MSCV±MIGR1 vector were transiently
transfected into the ecotropic fNX-eco helper-free packaging cell line (G. Nolan,
Stanford). Passage 3 wild-type and Suv39h double-null PMEFs (3 ´ 105 cells per 10-cm
dish) were infected twice with fNX virus S/N, and cells were grown for 3 d before analysis
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Figure 4 Rescue of heterochromatic localization of HP1 proteins by an active SUV39H1

HMTase. Double-label indirect immuno¯uorescence of wild-type (right panel) and Suv39h

double-null (left panel) PMEFs that had been infected with (Myc)3±SUV39H1-transducing

retroviruses as in Fig. 3. Expression analysis of a linked GFP protein indicated 80±90%

infection ef®ciency (data not shown). Mouse interphase chromatin was co-stained with

anti-Myc (green) and anti-HP1b antibodies (red). DNA was counterstained with DAPI

(blue). In additional samples, PMEF interphase chromatin was co-stained with anti-Myc

(not shown) and anti-HP1a antibodies (red). Contrast of images was adjusted with Adobe

Photoshop 4.0.
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of GFP expression, indirect immuno¯uorescence, ectopic protein abundance and HMTase
assay3.
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Heterochromatin protein 1 (HP1) is localized at heterochromatin
sites where it mediates gene silencing1,2. The chromo domain of
HP1 is necessary for both targeting and transcriptional
repression3,4. In the ®ssion yeast Schizosaccharomyces pombe,
the correct localization of Swi6 (the HP1 equivalent) depends
on Clr4, a homologue of the mammalian SUV39H1 histone
methylase5,6. Both Clr4 and SUV39H1 methylate speci®cally
lysine 9 of histone H3 (ref. 6). Here we show that HP1 can bind
with high af®nity to histone H3 methylated at lysine 9 but not at
lysine 4. The chromo domain of HP1 is identi®ed as its methyl-
lysine-binding domain. A point mutation in the chromo domain,
which destroys the gene silencing activity of HP1 in Drosophila3,
abolishes methyl-lysine-binding activity. Genetic and biochemi-
cal analysis in S. pombe shows that the methylase activity of Clr4 is
necessary for the correct localization of Swi6 at centromeric
heterochromatin and for gene silencing. These results provide a
stepwise model for the formation of a transcriptionally silent
heterochromatin: SUV39H1 places a `methyl marker' on histone
H3, which is then recognized by HP1 through its chromo domain.
This model may also explain the stable inheritance of the hetero-
chromatic state.

The histone code hypothesis predicts the existence of domains
that speci®cally recognize modi®ed histone residues7. One such
domain is the bromodomain, which allows transcription factors
such a P/CAF and TAFII250 to recognize histone tails only when
they are acetylated at lysine residues8,9. To identify an equivalent
domain that recognizes methyl-lysines, we examined a number of
chromatin-associated factors for their ability to recognize speci®-
cally a histone H3 peptide (residues 1±16) tri-methylated at
lysines 4 and 9.

Figure 1b shows that one protein, HP1, was able to bind to the
methylated peptide (red line), but not to the unmethylated peptide
(data not shown), using surface plasmon resonance (SPR) analysis.
Other chromatin-associated proteins, such as Mi2, MeCP2 and
P/CAF did not bind in this assay (data not shown). Of the two
conserved domains in HP1 (Fig. 1a), the chromo domain was able
to bind (Fig. 1b, green line) whereas the chromo-shadow domain
was not (blue line). Figure 1c shows that the on-rate for the chromo
domain (red line) is not affected by the addition of unmethylated
histone H3 peptide (green line), but binding is completely abolished
in the presence of the methylated H3 peptide (blue line). The
dissociation constant (Kd) of the HP1 chromo domain for the
methylated H3 peptide (methyl-lysine) is about 70 nM, as deter-
mined by SPR (data not shown). The af®nity of the HP1 chromo
domain for methyl-lysine compares favourably with the af®nity
of the TAFII250 and P/CAF bromodomains for acetyl±lysine8,
although a more de®nitive comparison will be possible with ITC
analysis of the HP1/methyl-lysine interaction. Our analysis of other
chromo domain proteins such as polycomb (M33), Mi2 and
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