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Double chromodomains cooperate to recognize the

methylated histone H3 tail

John F. Flanagan', Li-Zhi Mi*t, Maksymilian Chruszcz®, Marcin Cymborowski’, Katrina L. Clines’,
Youngchang Kim*, Wladek Minor?, Fraydoon Rastinejad"* & Sepideh Khorasanizadeh'

Chromodomains are modules implicated in the recognition of
lysine-methylated histone tails and nucleic acids"”>. CHD (for
chromo-ATPase/helicase-DNA-binding) proteins regulate ATP-
dependent nucleosome assembly and mobilization through their
conserved double chromodomains and SWI2/SNF2 helicase/
ATPase domain®®. The Drosophila CHD1 localizes to the inter-
bands and puffs of the polytene chromosomes, which are classic
sites of transcriptional activity®. Other CHD isoforms (CHD3/4 or
Mi-2) are important for nucleosome remodelling in histone
deacetylase complexes”®. Deletion of chromodomains impairs
nucleosome binding and remodelling by CHD proteins®. Here
we describe the structure of the tandem arrangement of the
human CHD1 chromodomains, and its interactions with histone
tails. Unlike HP1 and Polycomb proteins that use single chromo-
domains to bind to their respective methylated histone H3 tails,
the two chromodomains of CHD1 cooperate to interact with one
methylated H3 tail. We show that the human CHDI1 double
chromodomains target the lysine 4-methylated histone H3 tail
(H3K4me), a hallmark of active chromatin’. Methylammonium
recognition involves two aromatic residues, not the three-residue
aromatic cage used by chromodomains of HP1 and Polycomb
proteins'® . Furthermore, unique inserts within chromodomain
1 of CHD1 block the expected site of H3 tail binding seen in HP1
and Polycomb, instead directing H3 binding to a groove at the
inter-chromodomain junction.

We previously showed that the highly homologous chromo-
domains of HP1 and Polycomb proteins are discriminatory for
binding to the methylated lysine 9 and lysine 27 in histone H3
(H3K9me and H3K27me), which are modifications associated
with constitutive and facultative heterochromatin, respectively'>.
Unlike HP1 and Polycomb, the CHDI1 protein contains tandem
chromodomains and is present in sites of transcriptional activity in
Drosophila®. In yeast, CHD1 was identified in the SAGA/SLIK histone
acetyltransferase complexes, and chromodomain 2 has been
suggested to be responsible for H3K4me binding'*. We therefore
postulated that the human CHD1 chromodomains interact with the
histone modifications associated with active chromatin; these
include H3K4me, H3K36me and H3K79me as well as multiple lysine
acetylations in the histone H3 tail.

We prepared a recombinant construct corresponding to the
double chromodomain region (Fig. 1a) and used it for structural
and biochemical studies with post-translationally modified histone
H3 tails. The crystal structure in Fig. 1b, ¢ shows the overall
organization of the two chromodomains in the human CHDI1
protein (Supplementary Table S1). Both chromodomains share
their general secondary structure elements with those previously
seen in HP1 and Polycomb chromodomains (Fig. 1d). The linker

segment forms a novel helix—turn—helix structure that juxtaposes
the two chromodomains to form a continuous surface. A total of
350 A2 is buried at the interface of these tandem chromodomains.

To discover the specificity of the human CHDI1 binding to
methylated histone tails, we performed a series of fluorescence
polarization-based assays with the use of synthetic peptides (Fig. 2a,
and Supplementary Table S2). CHD1 binds only to the lysine
4-methylated H3 tail; for trimethylated lysine 4 (H3K4me3) the
dissociation constant K4 is 5pM and for monomethylated lysine 4
(H3K4mel) Kg4is 17 pM. Importantly, CHD1 does not interact with
the unmodified H3 tail or other histone codes associated with active
chromatin, for example H3K36me or H3K79me. To understand
the stereochemical basis for this specificity, we solved the crystal
structure of the human CHD1 double chromodomains, in complex
with the H3 tail containing both trimethyllysine and monomethyl-
lysine at residue 4, at 2.40 and 2.65A resolutions, respectively
(Supplementary Table S1). Difference maps showed electron density
for bound H3 peptide (Fig. 2b). The trimethyllysine and mono-
methyllysine peptide complexes are essentially superimposable
(Figs 2b and 3a).

The peptide was not located on either of the two chromodomain
sites corresponding to the binding site on the HP1 and Polycomb
chromodomains. Instead, the H3 tail was located at an acidic surface
bridging chromodomains 1 and 2 (Fig. 2b, ¢). The unexpected
cooperation between the CHD1 chromodomains to form a single
site for peptide binding was further confirmed by isothermal
titration calorimetry, which showed that their interaction involves
the binding of one H3 tail to one double chromodomain polypeptide
(Supplementary Fig. S1).

Peptide binding buries 475 A2 of surface on both chromodomains
(Fig. 2b, c). This interaction involves residues 37, 64, 66 and 67 from
chromodomain 1 and residues 150 and 166 from chromodomain 2,
cooperating to bind residues 1-5 in the H3 tail (Fig. 2d), and residues
6 and 7 not forming direct contacts with either chromodomains.
Figure 3a shows how the methylammonium of lysine 4 is recognized.
The human CHDI1 uses only two aromatic residues (tryptophans
64 and 67) for methyllysine recognition, not the three-residue
aromatic cage seen previously in HP1 and Polycomb chromo-
domains (Fig. 3a, b)'*"%. The lack of a third aromatic residue in the
formation of a w-electron cage surrounding the methylammonium
seems to be compensated for by an adjacent cation—r interaction
involving the peptide arginine 2 and CHD]1 tryptophan 67. Figure 3¢
shows that mutation of either tryptophan 64 or 67 to leucine
substantially reduces the binding affinity for histone H3 tail methyl-
ated on lysine 4, indicating that both tryptophan residues are
required for the methylammonium recognition.

However, different members of the CHD protein family exhibit
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sequence variations at residue 67. In humans, three of the eight CHD
proteins—CHD3 (Mi-2a), CHD4 (Mi-23) and CHD5—have a
leucine or a methionine residue instead of tryptophan 67, indicating
that these isoforms might not interact with the lysine 4-methylated
H3 tail. Within the subfamily CHD1, the budding yeast does not have
an aromatic residue at position 67 (Supplementary Fig. S2). This
indicates that unlike the CHDI1 from fission yeast or metazoans, the
budding yeast CHD1 would not interact with the methylated H3 tail;
this was confirmed in the binding studies shown in Fig. 3c and a
previous report'®. Thus, these data and also our studies with the
isolated chromodomain 2 region of the budding yeast CHD1
(Supplementary Table S2) disagree with previous in vitro studies'
indicating that chromodomain 2 of budding yeast CHD1 binds to the
H3K4me peptide.

The intimate recognition of an arginine residue at position n — 2
relative to the methyllysine carries significance for the specificity of
the human CHD1 chromodomains (Fig. 3a). No other lysine
methylation site in histones contains an arginine at position n — 2.
Because arginine 2 can be methylated by coactivator-associated
arginine methyltransferase 1 (CARM1)'¢, we tested whether this
methylation further affected the binding of the H3 tail. Methylation
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of arginine 2 (Arg 2 asymmetric dimethylation; H3R2me2a) alone
does not allow binding to CHD1 chromodomains; however, this
modification together with methyllysine 4 (H3K4me3R2me2a)
decreased the binding affinity fourfold relative to methyllysine 4
binding alone (Fig. 3d, and Supplementary Table S2). We then solved
the crystal structure of the doubly modified peptide in complex with
CHD1 chromodomains (Fig. 3a) and found only one significant
difference from the methyllysine 4 complex that contributes to weaker
binding. Methylation of arginine 2 prevented the hydrogen bonding
between its side chain and the glycine 66 backbone carbonyl (Fig. 2d).

Another modification that occurs proximal to methyllysine 4 is the
phosphorylation of threonine 3. Mitotic cells preserve their lysine 4
methylation patterns to maintain active chromatin states through
cell division". Threonine 3 becomes phosphorylated during mitosis
by the kinase haspin, and a lysine 4-methylated H3 tail can be
phosphorylated at threonine 3 by haspin kinase in vitro'®. These
findings imply that H3K4me and H3T3ph modifications coexist
during mitosis. Previous studies have indicated that CHDI1 is
released into the cytoplasm when cells enter mitosis', so phos-
phorylation no longer supports the binding of CHD1 protein in vivo.
Threonine 3 phosphorylation is reversed during anaphase'®, and this

a
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Figure 1| Structure of human CHD1 double chromodomains. a, The
conserved domains within human CHD1 sequence. The SWI2/SNF2 region
is related to that of the Rad54 protein®. b, ¢, Crystal structure of the tandem
chromodomains in two views. Cyan, chromodomain 1; grey, linker; pink,
chromodomain 2; yellow corresponds to inserted sequences compared with
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those of HP1 and Polycomb. d, Structure-based sequence alignment of
CHDI1 individual chromodomains with HP1 and Polycomb. The secondary
structure elements above the sequence correspond to those in CHD1. The
black stars indicate aromatic residues that contribute to the cage in HP1 and
Polycomb.
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Figure 2 | Peptide selectivity of the human CHD1 double chromodomains.
a, Fluorescence polarization binding assays (Supplementary Table S2). Red
filled circles, H3K4me3; green triangles, H3K4mel; black crosses,
H3K36me3; black squares, H3K79me3; black open circles, unmodified H3
tail. b, The structure of H3K4me3 bound to CHD1. Blue, electron density
from an |F, — F.| omit map contoured at 30 where the H3 peptide was

dephosphorylation seems to allow CHD1 to be reincorporated into
chromatin during telophase'®. Lysine 4 methylation and threonine 3
phosphorylation therefore seem to act as a binary switch® for the
binding of CHDI.

To further understand the effect of phosphorylation, we analysed
the binding of CHD1 chromodomains to the H3 tail peptide with
simultaneous phosphorylation at threonine 3 and trimethylation at
lysine 4. Figure 3d shows the binding to be 25-fold weaker than the
binding to methyllysine 4 alone. To understand the basis for the
weaker binding we solved the structure of the complex with
the doubly modified peptide (Fig. 3a). The structure shows a loss
of an intrapeptide hydrogen bond between the side chain hydroxyl of
threonine 3 and the backbone amide of glutamine 5 when the former
is phosphorylated (Fig. 2d). The high crystallographic B factors in the
peptide in the H3K4me3T3ph complex (Supplementary Table S1)
are probably a result of the low occupancy of the peptide due to low
affinity, or the reduced stability of the bound peptide conformation.
More distal modifications with respect to methyllysine 4, namely
acetylation or methylation of lysine 9, phosphorylation of serine 10
or acetylation of lysine 14, do not perturb the Ky of binding to the
lysine 4-methylated H3 tail (Supplementary Table S2).

The single chromodomains of HP1 and Polycomb proteins also
bind to the histone H3 tail but to two other regions. HP1 binds to
methyllysine 9, using residues 5-10 for specificity, whereas Polycomb
binds to methyllysine 27 and using residues 20-28 for specificity. In
each case the H3 tail inserts as a $-strand to complete the overall
B-sandwich fold of the chromodomain in HP1 and Polycomb
(Fig. 4). Figure 1d shows that CHD1 chromodomain 1 contains
two significant insertions in its protein sequence relative to HP1 and
Polycomb. One insertion, residues 27-55, has a clear functional role,
helping to establish the peptide-binding site through tyrosine 37
(Figs 1d and 2b, d).
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omitted for the map calculation. H3 peptide is traced in green. ¢, Surface
electrostatic potential showing the peptide (green)-binding groove on
CHDI1 (ref. 28), in the same view as in b. d, Determinants of peptide
binding as seen in the structures involving H3K4me3 and H3K4mel
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Figure 3 | Methyllysine binding by human CHD1. a, The bound-peptide
structure of H3K4me3 (green), H3K4mel (yellow), H3K4me3R2me2a
(cyan) and H3K4me3T3ph (red). b, The aromatic cages from HP1 (blue)
and Polycomb (cyan) with methyllysines 9 and 27. ¢, Fluorescence
polarization peptide binding assays using human or yeast CHD1. Using
H3K4me3 peptide, human CHD1 (black) binds with a K4 of 5 uM,
W67L-human CHD1 (cyan) does not bind, W64L-human CHD1 (yellow)
binds with a K4 of 290 pM, and budding yeast CHD1 (red) does not bind.
W64L and W67L-human CHDI1 do not allow binding to H3K4mel or the
unmodified peptide. d, Effect of adjacent peptide modifications. Black,
H3K4me3; cyan, H3K4me3R2me2a; red, H3K4me3T3ph.
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Figure 4 | Comparison of CHD1 with HP1 and Polycomb. a, HP1
chromodomain (blue) in complex with H3K9me3 (brown) superimposed
on CHD1 chromodomain 1 (cyan and yellow) in complex with H3K4me3
(green). b, Polycomb chromodomain (blue) in complex with H3K27me3
(brown) superimposed on CHD1 chromodomain 1 (cyan and yellow) in
complex with H3K4me3 (green).

There is also functional significance for the second insertion
(residues 82—86) in chromodomain 1 (Fig. 1d). This insert, between
helices 2 and a3, occupies the site used for the recognition of the H3
tails by the HP1 and Polycomb proteins (Fig. 4). Thus, this loop
blocks and interferes with the expected site of peptide interaction on
chromodomain 1 of CHD1. Chromodomain 2 of CHDI is also
disabled from binding the H3 tail with the canonical interactions
seen in HP1 and Polycomb, because of the availability of only one
conserved aromatic residue (tryptophan 155) for binding to methyl-
lysine (Fig. 1d). Because neither chromodomain alone is able to bind
the peptide, the two chromodomains instead cooperate to create the
recognition site.

Other conserved modules have been implicated in the recognition
of post-translationally modified chromatin®, and appear in certain
proteins as tandem repeats. The tandem bromodomains of TAFII250
protein bind selectively to multiply acetylated histone H4 peptides. It
has been suggested that these two bromodomains form a side-by-side
surface with two independent acetyllysine-binding pockets that are
ideal for the recognition of one diacetylated histone H4 tail*>. The
53BP1 tandem tudor domains are also implicated in binding to the
core of histone H3 when lysine 79 is methylated, and it has been
suggested that residues that participate in the recognition of H3 lie at
the interface of the two tudor domains®. Further structure analyses
involving target peptides are needed to address the significances of
these double arrangements.
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METHODS

Protein preparation. All expression constructs contained an N-terminal Hisg
tag, were cloned into the BamHI/Ndel sites of the pET11a vector, expressed
in BL21(DE3) Escherichia coli (Novagen) and purified by Ni**-affinity chroma-
tography (Qiagen). Point mutations were prepared with QuikChange (Strata-
gene). For human CHD1, the chromodomains 1 + 2 construct corresponds to
residues 268—443, and the chromodomain 1 construct (with a point mutation
C280S) corresponds to residues 268—362. For yeast CHD1, the chromodomains
1 4 2 construct corresponds to residues 174-339, and the chromodomain 2
construct corresponds to residues 282-339.

Binding assays. For fluorescence polarization, 100 nM fluorescein-labelled
peptide (prepared as described previously**) was used in 50 mM sodium
phosphate pH 8.0, 25mM NaCl, 5mM tris(2-carboxy-ethyl) phosphine
(TCEP). For isothermal titration calorimetry (ITC) both protein and peptide
were dialysed into 20 mM bis-tris propane (BTP) pH 8.0, 25mM NaCl and
10 mM BME. Injections (10 pl) of H3K4me3 peptide at 850 pM were titrated
into protein at 70 pM concentration, with the use of a published protocol*.
X-ray crystallography. Crystals were prepared at 10°C with protein samples
(13.75mgml™") in 20mM BTP pH 8.0, 25mM NaCl and 10 mM TCEP. For
peptide complexes, dry peptide was added to 2.5 mM. Crystals of both free and
complex grew from 6% PEG3350, 100mM HEPES pH 8.0, and were cryo-
protected in 8% PEG3350, 100 mM HEPES pH 8.0 and 35% ethylene glycol.
There were 2} molecules per asymmetric unit cell (two intact CHD1 polypep-
tides plus a truncation product consisting of chromodomain 1). The seleno-
methionyl derivative was prepared by expression in B834(DE3) E. coli grown in
minimal media supplemented with Seleno-Met (Sigma). The structures of the
free protein and complexes with peptides were determined by using the model of
the H3K4me3T3ph complex solved by multiwavelength anomalous diffraction
as the search model for molecular replacement (Supplementary Table S1). The
program CNS was used for molecular replacement, and each model was
improved by rigid body and simulated annealing refinement®. Figures were
prepared with PyMOL*.
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