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Abstract

Histones comprise the major protein component of chromatin, the scaffold in which the eukaryotic
genome is packaged, and are subject to many types of post-translational modifications (PTMs),
especially on their flexible tails. These modifications may constitute a ‘histone code’ and could be
used to manage epigenetic information that helps extend the genetic message beyond DNA
sequences. This proposed code, read in part by histone PTM-binding ‘effector’ modules and their
associated complexes, is predicted to define unique functional states of chromatin and/or regulate
various chromatin-templated processes. A wealth of structural and functional data show how
chromatin effector modules target their cognate covalent histone modifications. Here we
summarize key features in molecular recognition of histone PTMs by a diverse family of ‘reader
pockets’, highlighting specific readout mechanisms for individual marks, common themes and
insights into the downstream functional consequences of the interactions. Changes in these
interactions may have far-reaching implications for human biology and disease, notably cancer.

The vast majority of DNA in eukaryotic organisms is intimately wrapped around core
histone proteins, forming chromatin, the physiological context in which the genomes of
these organisms must function. Control of the dynamics of chromatin structure has been
implicated widely in regulating both access to and interpretation of the associated DNA
templatel. For example, numerous studies suggest that gene expression patterns can be
positively or negatively regulated by complexes of proteins that fine-tune the structural
properties of chromatin, often through covalent PTMs of histone proteins or other
chromatin-remodeling complexes23. As chromatin architecture may be transmissible to
daughter cells along a particular developmental lineage, histones and their PTMs are likely
candidates for epigenetic information carriers that propagate phenotypic determinants not
encoded in the DNA sequence. More than 70 different sites for histone PTMs and eight
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types of histone PTMs have been reported, largely from the extensive application of mass
spectrometry— and antibody-based detection techniques, as well as from metabolic-labeling
studies!—3. Remarkably, almost two-thirds of potentially modifiable residues on histones
have been characterized as PTM sites, and as more sensitive detection methods become
available, this number is likely to increase. Despite the large number of histone PTMs, only
a subset of amino acid residues in histones are known to be covalently modified, which
include lysine (K), arginine (R), serine (S), threonine (T), tyrosine (), histidine (H) and
glutamic acid (E)L. The majority of the PTMs are additions of relatively small yet
chemically and structurally distinct moieties, such as acetyl, methyl and phosphate groups
(Fig. 1a); these have been identified on sites ranging from the flexible tails to the internal
globular domains of histones. In many cases, genome-wide studies using a combination of
histone PTM-specific chromatin immunoprecipitation with either DNA microarray analysis
(ChlP-chip) or sequencing analysis (ChIP-Seq) have yielded unprecedented insights into
global correlations of specific histone PTMs with functional outcomes*-6. Such approaches
clearly show that histone PTMs are sequestered to distinct regions of the genome. However,
a gap currently exists in the mechanistic understanding of how the various histone PTMs
that seemingly litter the chromatin landscape can be translated into specific biological
outputs such as transcription, or used to extend the informational content of the genome
from one generation to the next, as in epigenetic inheritance.

Although the detailed mechanisms by which cells may decipher a PTM-mediated histone
code are currently the subject of much investigation, two overlapping models, the “direct’
and ‘effector-mediated” models, have been proposed to make sense of the multitude of
modification states and their connections to biology’:8. Examples of the direct model, in
which histone PTMs directly affect chromatin compaction, include phosphorylation or
acetylation on core histones that serves to attenuate the favorable coulombic interactions
between basic histone proteins and the negative charge of the DNA%-13. The emerging
effector-mediated paradigm posits that histone PTMs are ‘read’ by protein modules termed
effectors, facilitating meaningful downstream events via the recruitment or stabilization of
module-associated chromatin-templated machinery#15, In the past decade, biochemical and
biophysical assays have identified a wealth of conserved protein domains that specifically
bind histone PTMs in a way that is dependent on both modification state and position within
a histone sequence (Fig. 1b). By presenting unique combinations of PTMs for binding,
modified histone tails may act as integrating platforms, permitting chromatin-associated
complexes to receive information from upstream signaling cascades?8.

In this review, we use selected examples of recently published structures to describe
underlying themes governing the association of histone PTMs with their respective binding
protein modules. We examine how residues lining PTM-interacting pockets work together to
recognize specific chemical features of their cognate histone PTMs. Then we assess the
structural similarities and differences among the diverse families of histone PTM reader
pockets to derive several common principles underlying molecular recognition of various
histone PTMs. We also examine how existing pockets could be engineered to alter the PTM
specificity of a particular module. Finally, we discuss future directions for studies of
chromatin reader biology, including how individual histone PTM-binding modules may
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work together to gain enhanced targeting specificity. Additional challenges include
identification of binding partners for methylated arginine in histones, and links between
histone PTM-binding modules and human disease.

Readout of acetyllysine marks by bromodomains

Acetylation was first identified on histones in 1964 as a potential regulator of RNA
synthesis'’. Back-to-back discoveries in 1996 showed that the steady-state balance of
histone acetylation was catalyzed by enzymes with opposing activities (Gen5p
acetyltransferase and Rpd3p deacetylases) already known to be transcriptional regulators,
thus firmly linking histone acetylation to transcription1819, Certain lysine acetylation events
are known to directly alter the physical properties of individual nucleosomes!3 or disrupt
their higher-order association1?, Alternatively, lysine acetylation marks may be interpreted
indirectly via the intermediacy of bromodomain effectors2?. Bromodomains are protein
modules found in chromatin-associated proteins, especially nuclear histone
acetyltransferases (HATS) such as Genbp, and components of certain remodeling
complexes, in which they have key roles in transcriptional activation and chromatin
remodeling?L.

Gcen5p bromodomain targets acetyllysine in H4 Lys16 context

The prototypical bromodomain from the transcriptional coactivator ‘p300/CBP-associated
factor’ (PCAF, the homolog of Saccharomyces cerevisiae Gen5p) was the first histone-
binding module to be structurally characterized. The NMR solution structure showed a left-
handed antiparallel four-helix bundle with a hydrophobic binding pocket located at one end
(Fig. 2a)20. An NMR solution structure of acetylhistamine (an analog of acetyllysine) bound
to the PCAF bromodomain defined the intermolecular contacts in the binding pocket and
established the importance of hydrophobic interactions to complex formationZ0. Additional
details of acetyllysine recognition by bromodomains emerged in the high-resolution crystal
structure of the Gen5p bromodomain bound to a histone H4 peptide containing acetylated
K16 (H4K16ac; Fig. 2b)22. The acetyllysine inserts into a deep and narrow binding pocket,
which can accommaodate the long side chain bearing a planar acetamide group. The acetyl
modification is specifically anchored in place through a hydrogen bond involving its acetyl
arbonyl and the amide nitrogen of a conserved asparagine residue lining the pocket, with the
roughly antiparallel dipole alignment of these two amide moieties providing concomitant
partial charge complementation (Fig. 2c). The pocket is lined by conserved aromatic,
hydrophobic and uncharged residues, which are aligned, rendering the pocket essentially
hydrophobic and neutral while retaining intrinsic hydrogen-bonding capacity at its base.
Additional contacts within the binding pocket include a network of water-mediated
intermolecular hydrogen bonds between the bound acetyllysine and protein main chain
carbonyl groups. The histone peptide segments flanking the acetyllysine are also involved in
recognition by the bromodomain; these specificity-determining intermolecular contacts are
mediated by side chain interactions along a shallow depression on the bromodomain, a
surface composed largely of two loops that span the helices (Fig. 2a). Interestingly, the
Gcenb5p protein also has HAT activity, immediately suggesting a potential mechanism for the
spreading of acetylation marks in chromatin22:23,
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TAF1 double bromodomains target diacetylated H4 tails

Human TAF1 (formerly TAF;250) is the largest subunit of TFIID, a large multiprotein
complex involved in initiating the assembly of the transcription machinery. Instead of
recognizing a single acetyl PTM with a single bromodomain, TAF1 contains double
bromodomains that bind multiply acetylated histone H4 peptides. The 2.1-A crystal structure
of these double bromodomains in the free state shows side-by-side arrangement of
individual bromodomains in a four-helix bundle topology, with the two acetyllysine-binding
pockets in the “V’-shaped scaffold separated by ~25 A (indicated by red arrows, Fig. 2d)22.
The N terminus of histone H4 has lysine residues at positions 5, 8, 12 and 16, and the 25-A
separation between binding pockets suggests bridging by about 7 residues. Of the marks
examined, this double module binds most tightly to the dual acetyllysine mark
H4K5acK12ac (Kg = 1.4 uM) and more weakly to single marks such as H4K16ac (Kq ~ 39
UM). Further progress will require determination of the structures of these bromodomains in
complex with a dually acetylated peptide to elucidate the molecular basis of dual
recognition. Numerous examples of proteins containing multiple bromodomains exist
(including the tandem modules outlined below), reinforcing the general theme wherein
multiple modules provide PTM readers with increased specificity and binding affinity.

Rsc4p tandem bromodomains target histone and non-histone protein acetylation marks

A recently solved structure of the tandem bromodomains of Rsc4p from the yeast
chromatin-remodeling complex RSC (Fig. 2€) suggests a different functional role from that
of engagement with dual histone acetylation marks. Interestingly, the relative orientations of
the two bromodomains differ in Rsc4p (Fig. 2€)?° and TAF1 (Fig. 2d)24. The Rsc4p tandem
bromodomains appear to fold as a single structural unit, in contrast to those of TAF1, which
appear to be relatively independent (bearing little interdomain contact surface). As a
consequence of this more compact fold, the acetyllysine-binding pockets of individual
bromodomains in Rsc4p are oriented on the same face and separated by ~20 A (ref. 25). As
Rsc4p was originally identified as an H3K14ac-binding moduleZ®, peptide soaking was used
to study histone PTM binding. Unfortunately, of residues 6-18 in the H4g_1gK14ac peptide,
only the side chain of K14ac could be traced in the 1.7-A structure of the complex with the
Rsc4p tandem bromodomains. In this complex, K14ac is inserted into the binding pocket of
the second bromodomain (Fig. 2e, red arrow on left). For further examination of the histone
tail interaction of H3K14ac peptides with Rsc4p, the H3 tail was fused to the Rsc4p N
terminus and acetylation marks were incorporated by treatment with purified Genbp, a HAT
known to acetylate H3K14 and several sites in H4 (ref. 23). Unexpectedly, K25 in Rsc4p
was also acetylated, as observed in the 2.2-A crystal structure of the complex. The structure
shows this K25ac group inserted into the binding pocket of the first bromodomain (Fig. 2e,
red arrow on right) and also shows the traceable backbone and side chains of flanking
residues. The acetylated segment of Rsc4p matches the canonical Gen5p-recognition motif
(G-Kac-X-P). Interestingly, the Rsc4K25ac mark inhibits binding of the H3K14ac peptide to
the binding pocket of the second bromodomain of Rsc4, as does incorporation of a
phosphorylation mark at H3S10. This apparent mechanism for regulating the capacity to
bind H3K14ac is supported by in vivo evidence: the Rsc4p K25A mutant strain shows
modest growth defects in minimal media and at elevated temperatures, as well as
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exacerbated bromodomain-mutant phenotypes. Whether such negative feedback loops may
also modulate other effector binding events remains an intriguing question.

Methylation marks and their recognition

In addition to the unmodified and acetylated states, histone lysine residues are also found in
monomethylated (mel), dimethylated (me2) and trimethylated (me3) states in vivo, most
often brought about by the balance of enzymatic activities of histone methyltransferases?’
and opposing demethylases?8:29, Genome-wide assessments show that these methylation
states at particular lysine residues are enriched in certain regions of chromatin, implying that
these marks have specialized and distinct biological functions30. Functionally, histone lysine
methylation has been correlated with both gene activation and silencing, and the methylation
states of distinct lysines along the H3 N-terminal tail provide a frequently cited example of
this diversity. Within this defined region, H3K4me3 is highly correlated with active
transcription start sites3!, H3K9me3 is linked to constitutive heterochromatin, and
H3K27me3 is linked to silent genes in euchromatic regions or facultative
heterochromatin?3. Interestingly, during stem-cell development, ‘bivalent domains’ are
evident, in which H3K4me3 and H3K27me3 can be detected simultaneously on promoters
of select genes32. How these coexisting dual marks are established, interpreted and resolved
remains unclear; however, it is tempting to speculate that they are connected to epigenetic
control of gene expression.

Whereas charge is ablated upon lysine acetylation, all methylated forms of lysine are
anticipated to be cationic at physiological pH, and trimethyllysine always carries a positive
charge. With the incremental addition of methyl groups, the hydrophobicity and the cation
radius of the lysine methylammonium group increases, and its ability to donate hydrogen
bonds concomitantly decreases. In the limiting case, trimethyllysine presents a Janus-faced
moiety, an obligate cation enshrouded in a hydrophobic array of methyl and methylene
units, requiring a partner with similar hydrophobic properties that is also able to
accommodate the persistent positive charge. Thus, different methylation states yield
considerable diversity in the physicochemical properties of lysine, enabling state-specific
readout by different effector modules (Fig. 1a,b). The recognition of these lysine
methylation states results from contacts made between the methylammonium moiety and
aromatic residues in the binding partner that form a notional ‘cage’ about this functional
group. Such aromatic cages engage the quaternary ammonium functional groups, with
cation-m—type interactions dominating the energetics and hydrophobic desolvation effects
having an appreciable but lesser role15:33:34: for recognition of lower methylation states
(me2 and mel), hydrogen-bonding and steric exclusion are increasingly important3:36,
Cation-m interactions are predominantly electrostatic in nature, occurring between a cation
and an electrostatic potential field of a m-system34. Simplistically, the interaction can be
thought of as a coulombic attraction between the quadrupole moment of the aromatic -
system and a cation34. As the quadrupole moment places partial negative charge above each
face of the aromatic ring, favorable interactions with cations occur perpendicular to the
aromatic plane within typical van der Waals contact distances3*37.

Nat Struct Mol Biol. Author manuscript; available in PMC 2015 December 28.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Taverna et al.

Page 6

Two general classes of protein folds have evolutionarily converged to bind methyllysine

with aromatic cages: members of the Royal superfamily of folds!:38 and PHD fingers39:40
share several molecular recognition features, detailed in separate sections below. Common
features in the binding of histone methyllysine substrates are summarized in Boxes 1 and 2.

Royal superfamily readout of higher lysine methylation

The following sections present detailed case studies of methyllysine binding, organized by
the class of effector and the methylation states preferentially bound. We first describe the
Royal superfamily members that recognize higher lysine methylation states, Kme2 and
Kme3.

Chromodomains target di- and trimethyllysine in H3 Lys9 and Lys27 contexts

A short region of sequence similarity was identified in Drosophila melanogaster
heterochromatin protein-1 (HP1) and Polycomb, regulators of chromatin structure that are
involved in epigenetic repression, and termed the chromatin organization modifier domain,
or chromodomain®L. In vitro pull-down assays revealed an interaction between the
chromodomain of mouse HP1 and H3K9me3 (refs. 42,43), supported by in situ
immunofluorescence results showing that that H3K9me and HP1 colocalize to
heterochromatic regions of D. melanogaster polytene chromosomes*. Molecular and
mechanistic insights into chromodomain recognition of methyllysine marks has emerged
from energetic, structural and mutagenic analyses of HP1 bound to H3K9me peptides*>46.
The binding affinities are in the micromolar range for HP1 targeting H3K9me3 (K4 = 2.5
uM) and H3K9me2 (K4 = 7.0 uM), with no binding observed for the unmethylated
counterpart. Both the crystal*®> and NMR solution?® structures of the complexes show that
the chromodomain adopts an incomplete B-barrel architecture with the methyllysine-binding
pocket positioned at one end of the B-barrel (Fig. 3a). The tri- and dimethyllysines project
into a surface declivity composed of three aromatic residues, two of which are orthogonally
positioned with respect to a central side chain contributed by strand 3 (Fig. 3b) to define a
cage-like enclosure. Therein, the methylammonium moieties are stabilized by cation-n
interactions with the aromatic cage (see Box 1, panel iii)33:34, Mutation of any of these
constituent residues greatly reduces binding affinity. Residues 5-10 of bound Hi_15K9me3
adopt an extended conformation and interact by apparent induced-fit sandwiching between
terminal B-strands of the HP1 chromodomain, thereby completing a five-stranded
antiparallel p-sheet (see Box 2, panel i). Intermolecular contacts in the complex involve
three side chains before and one side chain after the K9me mark. Mutation studies of both
peptide and protein residues highlight the contributions of intermolecular contacts along the
extended surface groove to sequence specificity of recognition. By contrast, the
chromodomain of D. melanogaster Polycomb protein specifically targets H3K27me3 (refs.
47,48).

Although the chromodomains of HP1 and Polycomb bind methylated lysines, this is not
necessarily true for other chromodomain family members (see below), and it is likely that
regions outside of the chromodomain are crucial in bringing about the final chromatin states.
It is thought that the primary function of chromodomain binding to histone PTMs that are
associated with repressive heterochromatin is to passively stabilize a dense conformation of
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the chromatin fiber by cross-linking nucleosomes*9:°0. This proposed bridging function
remains unconfirmed, and the role of other interacting protein complexes and nucleic acids
in HP1- and Polycomb-mediated repression is still uncertain.

Double chromodomains of CHD1 target methyllysine in H3 Lys4 context

Chromo helicase DNA-binding (CHD) proteins, composed of N-terminal double
chromodomains, a central SWI2/SNF2 helicase and C-terminal DNA-binding domains,
regulate ATP-dependent nucleosome assembly and mobilization at sites of transcriptional
activity51, CHD1 has been implicated in transcription elongation-related functions, as it
associates with transcriptionally-active ‘puff’ regions in D. melanogaster polytene
chromosomes®2. However, recent studies have shown that CHD1 also acts in nucleosome
assembly in transcriptionally silent D. melanogaster embryos®3, and thus the biological role
of CHD1 may not be relegated exclusively to transcription-related processes. CHD1 was
shown recently to be required for deposition of the H3 variant H3.3, in a DNA replication—
independent fashion®3. Although H3.3 shows enriched levels of histone marks commonly
associated with H3K4me3 and transcription®#53, it remains to be determined whether the
deposition activity is dependent on interaction with H3K4me3.

Chd1p double chromodomains were originally observed to bind H3K4me in experiments
using budding yeast proteins®®. Although the molecular details of the H3K4me2/3
interaction with the human ortholog of this protein (CHD1) have since been well
characterized in structural and biophysical studies®’, similar scrutiny applied to budding
yeast protein has led to controversy®8->%, The human CHD1 double chromodomains interact
with H3K4 methylation sites associated with active chromatin, with measurable binding
affinities for H3K4me3 (K4 = 5 uM) and H3K4mel (17 uM) peptides, but no affinity for
unmodified peptide®’. The molecular mechanism underlying H3K4me recognition emerged
from crystal structures of human CHD1 double chromodomains bound to H3K4me3 (Fig.
3c) and H3K4mel peptides, which showed superimposable intermolecular contacts in the
two complexes. Human CHD1 double chromodomains are bridged by a two-helix linker
element that juxtaposes adjacent chromodomain folds to generate a continuous surface. The
methylated lysine of a bound H3K4me peptide interacts with a pair of tryptophans through
cation-m interactions in a structure analogous to a three-membered aromatic cage®’. One of
these tryptophans is sandwiched between the side chains of H3R2 and H3K4me3, and
mutation of individual tryptophan residues results in a substantial reduction in binding
affinity. The residue corresponding to the intervening tryptophan is replaced with a
glutamate residue in the yeast protein, precluding a similar binding mode. In essence, the
human CHD1 double chromodomains cooperate to create a novel recognition scaffold in
which an acidic groove lies at the inter-chromodomain junction while, unique inserts block
canonical binding to the chromodomain cage (Fig. 3c).

Double tudor domains of IMID2A target trimethyllysine in H3 Lys4 context

Jumonji domain—containing protein-2A (JMJD2A, also known as JHDM3A) has JmjN and
JmjC domains, which are required for its lysine demethylase activity, and two tudor
domains, now classified as a double tudor domain69-62, JMJ2DA associates with histone
deacetylases, but recent studies suggest that its function is also mediated by the demethylase
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activity imparted by Jmj domains. When a series of peptides representing various histone
modification states were incubated with recombinant JMJD2A and subjected to mass
spectrometric analysis, only H3K9me and H3K36me marks were found to be
demethylated®0.61, Importantly, depletion of JIMJD2A by RNA interference (RNAI) was
sufficient to cause a large increase in bulk levels of H3K9me3 and H3K36me3 in
Caenorhabditis elegansbl. Overexpression of IMID2A results in partial mislocalization of
HP1 (ref. 60), an H3K9me2/3-binding partner. How JMJD2A regulates gene transcription is
poorly understood, and the fact that it demethylates both H3K9me3 and H3K36me3, albeit
to different extents, will complicate the dissection of function. Indeed, the observation that a
knockdown of JIMJD2A results in both an increase in H3K9me and an increase in
transcription of a target gene seems contradictory, given the correlation of H3K9me3 with
gene silencing. The targeting of JMJD2A to regions enriched in H3K4me3 suggests a role in
euchromatic gene regulation®3.

The molecular basis for recognition has emerged from crystal structures of IMID2A double
tudor domains in the free state and bound to H3K4me3 (ref. 63). Strikingly, the double tudor
domains adopt a saddle-shaped scaffold with interleaved, bilobal topology; each hybrid lobe
adopts a canonical tudor domain fold spanned by two shared B-strands (Fig. 3d).
Intriguingly, only the second of the two hybrid lobes is able to bind H3K4me3 peptide,
owing to a more negative electrostatic potential and the apposition of aromatic caging
residues to delimit a cleft within its scaffold (Kgq = 10.4 uM). Two aromatic residues from
the second tudor sequence motif and one aromatic residue from the first tudor sequence
motif generate a composite aromatic cage located in the second hybrid lobe, which, together
with an aspartate residue, form a binding pocket for insertion of the trimethyllysine
residue®3. Similar to other Royal family members that engage methyllysine, point mutations
of the aromatic cage residues greatly reduce substrate-binding affinity. The N terminus of
the H3K4me3 peptide (elaborated further in Box 2), along with residues H3R2 and H3T3,
form intermolecular hydrogen bonds with residues found mainly in the first hybrid lobe of
the interdigitated double tudor domains, which accounts for the observed binding specificity.
Interestingly, array-based binding assays suggest that the JIMJD2A double tudor domains
also bind H4K20me3 (ref. 64). Direct comparison of the affinities and structural features of
H4K20me3 complexes will require further study.

Royal superfamily readout of lower lysine methylation

Another subset of Royal superfamily members recognizes lower lysine methylation states,
Kmel and Kme2. These interactions are detailed below.

Tandem tudor domains of 53BP1 target mono- and dimethyllysine in H4 Lys20 context

Recent evidence suggests a role for histone lysine methylation in the recruitment of DNA
damage repair proteins. Immunofluorescence imaging of cellular distribution showed that
mammalian p53-binding protein (53BP1) and its fission yeast homolog Crb2p relocalize to
double-strand breaks (DSBs) upon exposure to DNA-damaging agents®°:%6, Methylation-
mediated recruitment of 53BP1 may extend to non-histone proteins as well, as a recent
report shows that 53BP1 can also bind dimethylated K370 of the tumor suppressor p53
(p53K370me2)87. As the amino acid sequence surrounding p53K370 is divergent from that
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surrounding H4K20, structural comparison of these modes of interaction will be of great
interest.

The 53BP1 protein contains tandem tudor domains that bind H4K20me2 (Kq = 19.7 uM)
and H4K20me1l (Kq = 52.9 uM), but not unmodified or K20me3-containing H4 peptides3®.
Structures of the tandem tudor domain modules of 53BP1, both free and in complex with a
short H4K20me2 peptide3®, reveal the molecular basis for this sequence- and state-specific
recognition of lower lysine methylation states of H4K20 (Fig. 3e). Unlike the double tudor
domains of IMJD2A, the tandem tudor domains of 53BP1 form independently folded
domains, of which mainly the first is involved in methyllysine recognition. During binding,
the methylammonium group of K20me?2 is positioned in a cage lined by four aromatic
amino acids and an aspartate residue, while the guanidinium group of the adjacent R19
forms a cation-m stack over an adjacent tyrosine ring and is also contacted by phenylalanine
contributed by the abutting second tudor domain. The specificity for lower lysine
methylation is attributable to an intermolecular hydrogen bond between the
dimethylammonium proton and the carboxylate group of the aspartate lining the binding
pocket, coupled with steric exclusion of the corresponding trimethyllysine (see Box 1, panel
vi). Furthermore, mutation of the aromatic residues or aspartate residue lining the binding
pocket greatly reduces binding affinity. These residues are essential not only for interaction
between H4K20me2 and 53BP1 in vitro but also for targeting of 53BP1 to DNA double-
strand breaks in vivo3®. This reveals that direct recognition of H4K20me2 by the tandem
tudor domains of 53BP1 mediate processes leading to DNA double-strand break repair.

MBT repeats in LAMBTL1 target mono- and dimethyllysine independently of sequence

context

Human lethal-(3) malignant brain tumor repeat-like protein-1 (L3MBTL1) belongs to a
group of factors containing so called malignant brain tumor (MBT) repeats of ~70 amino
acid residues, which function as transcriptional repressors and are often perturbed in
hematopoietic malignancies®8. L3MBTL1 is a homolog of the D. melanogaster 1(3)mbt
protein in the Polycomb group (PcG), whose members stably maintain gene repression over
many cell cycles during development5®. Human L3MBTL1 had been previously suggested
to have an HDAC-independent role in repression of transcription’?, and pull-down assays
using tagged L3MBTLL1 found that the associated proteins included, among others, the core
histones and the linker histone H1 (ref. 71). To determine whether these interactions were
contingent upon PTMs, a protein encompassing the three MBT repeats was mixed with
either recombinant or native nucleosomes, and its association with chromatin was detected
using sucrose-gradient sedimentation. As L3MBTL1 interacted with native rather than
recombinant nucleosomes, affinity chromatography with histone peptides was used to
pinpoint H4K20me1/2 and H1.bK26mel/2 as sites and states of modification. This approach
is limited by the number of possible methylated substrates scanned, so it may not be
comprehensive. The ability of LAMBTL1 to directly regulate chromatin compaction was
assayed using electron microscopy; oligonucleosomes carrying the H1.bK26me2 mark
attained a relatively compact configuration after incubation with L3MBTL1, presumably
owing to multimerization of LAMBTL1 units. This compaction might render the DNA of
L3MBTL1-bound nucleosomes inaccessible to the transcription machinery.

Nat Struct Mol Biol. Author manuscript; available in PMC 2015 December 28.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Taverna et al.

Page 10

The three MBT repeats of LAMBTL1 have a tripartite propeller-like architecture in the
crystal structure of the free state, with intercuspation between extended arms and cores of
adjacent MBT modules’? (see Supplementary Fig. 1 online). In addition, each of the MBT
domains of L3AMBTL1 contains an aromatic cage motif composed of three aromatic residues
and an aspartate residue. Quantitative binding measurements and crystallographic studies of
the wild-type protein and pocket mutants firmly establish pocket 2 (associated with the
second MBT repeat of L3MBTLZ1) as a methyllysine-binding module that selects mono- and
dimethyllysine marks but discriminates against the trimethylated state3°. Crystal structure—
based comparison of mono- and dimethyllysine recognition by L3IMBTL1 pocket 2 (Fig. 3f)
establishes the principles underlying preference for lower lysine methylation states using a
‘cavity-insertion” mode of recognition (see Box 1, panel i). The methylammonium proton(s)
of mono- and dimethyllysine form a direct hydrogen bond to the carboxylate of the aspartate
residue lining the aromatic cage. In addition, the dimensions of pocket 2, determined by the
orientations of the side chains that project from gating and caging loops, restrict access of
the larger trimethylammonium group. Mutations of caging loop residues adversely affect
complex formation. Because L3MBTL1 promiscuously binds mono- and dimethyllysines in
a wide variety of sequence contexts in vitro, defining the physiologically relevant targets of
L3MBTL1 remains an outstanding problem3®.

Readout of methyllysine marks by the PHD-finger family

According to genome-wide ChlIP-chip analyses, H3K4me3 is associated with nucleosomes
near the promoters and 5’ ends of highly transcribed genes, whereas H3K4me2 extends into
the coding region of genes that are either active or poised for transcription®:5:32.73_ For some
time, it was unknown what the molecular connection was—if any—between H3K4me3/2
and transcriptional readout. In 2006, structural evidence was presented implicating plant
homeodomain (PHD) fingers as tethering modules that bind H3K4me3, thereby recruiting or
stabilizing downstream complexes3940.74, Recently another connection between
transcriptional activation and H3K4me2/3 was established by a study of the PHD finger in
the TAF3 subunit of the basal transcription factor TFIID’. Importantly, supporting
functional assays have yielded insight into the connection between H3K4me2 and positive
and negative regulation of transcription (see below).

BPTF PHD finger targets di- and trimethyllysine in H3 Lys4 context

BPTF is the largest subunit of the nucleosomal remodeling factor (NURF) ATP-dependent
chromatin-remodeling complex, which has been shown to stimulate transcription on
nucleosomal templates in vitro’®:77. Unbiased pull-down assays in nuclear extracts that
contained short peptides representing differently modified histone tails demonstrated that the
second PHD finger in BPTF interacts specifically with peptides modified with H3K4me3
and not with other PTMs’8. In cell lines, global loss of H3K4me3 resulted in loss of
chromatin association of BPTF, suggesting that H3K4me3 may tether BPTF to
nucleosomes. In Xenopus laevis, loss of H3K4me3 results in developmental defects, and this
phenotype could be recapitulated by loss of BPTF or by deletion or mutation of the
H3K4me3-binding PHD finger in BPTF. Thus, H3K4me3 is probably coupled to BPTF
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(NURF)—dependent chromatin remodeling through a conserved PHD finger, in a pathway
that probably controls transcription of key developmental genes (such as Hox genes).

At its C terminus, human BPTF contains a bromodomain-proximal PHD finger, shown to be
a reader of dimethyllysine and trimethyllysine marks in an H3K4 sequence context’8. PHD
fingers composed of a Cys,-His-Cyss—containing segment coordinated to two zinc ions (Fig.
4a) are modules found in a wide range of chromatin-associated proteins’®. The BPTF PHD
finger binds both H3K4me3- and H3K4me2-containing peptides (Kq = 2.7 and Kq = 5.0 uM,
respectively), but it discriminates against their monomethylated and unmodified
counterparts?0. NMR and X-ray structures have been solved for the BPTF PHD finger in the
free and H3K4me3 peptide-bound forms*0 (Fig. 4b). The peptide docks onto the surface of
the PHD finger in such a manner that it extends the antiparallel p-sheet of the PHD core by
forming a third strand, with extensive contacts involving the N terminus of the peptide in the
complex (see Box 2, panel i). Importantly, the R2 and K4me3 residues of the bound peptide
are positioned in adjacent surface channels separated by a tryptophan indole group of the
PHD finger (Fig. 4b and Box 2, panel ii). Mutations of these aromatic residues lining the
cage greatly lower binding affinity, with the largest drop observed for a mutation of the
tryptophan residue separating H3R2 and H3K4me3, in accordance with the developmental
defects that arise from this mutation’8. Similarly, mutations of residues lining the H3R2-
binding channel also result in diminished binding affinity, reflecting disruption of
electrostatic and hydrogen-bonding contacts. The trimethylammonium group of H3K4me3
is positioned within a cage of four aromatic amino acids and stabilized predominantly by
cation-m interactions (Fig. 4b) associated with a ‘surface-groove’ mode of recognition (see
Box 1, panel ii). There is minimal change in the spatial orientations of the aromatic cage
residues upon complex formation; this static element may minimize conformational entropy
loss of the module during binding to enhance the overall free-energy change (see Box 1,
panel iii). The observed modest preference of the BPTF PHD finger for H3K4me3 over
H3K4me2 can be reversed by replacing a specific tyrosine lining the aromatic cage by a
glutamate (see Box 1, panel viii). Similar structural parameters governing PHD module
recognition are found in chromatin regulators, including those dedicated to activating or
repressive activities®? (see below).

Ynglp PHD finger targets di- and trimethyllysine in H3 Lys4 context

Acetylation on histone H3 has also been connected to H3K4me3/2 and transcription through
ChIP-chip assays*®1, but the connections between the pathways remained poorly
understood. The nucleosomal acetyltransferase of histone H3 (NuA3) complex contains an
H3-specific H3K14 HAT as well as a polypeptide, Ynglp, with a PHD finger that
specifically interacts with H3K4me3, as verified by NMR structural studies of the
complex’482, Enhancement of H3K14 HAT activity on H3K4me3 peptides was dependent
on an intact PHD finger, and in genome-wide ChlP-chip studies, Ynglp was largely
colocalized with H3K4me3 and acetylation at 5" regions of open reading frames (ORFs).
Furthermore, mutation of the Ynglp PHD finger reduced transcription at a set of NuA3-
targeted ORFs. Importantly, these studies imply a hierarchy of events based on the
interaction between H3K4me3 and the PHD finger of Ynglp, in which association of the
NuA3 complex promotes downstream acetylation and subsequent transcriptional events.
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Insight into additional downstream functions may come from recent studies wherein isotopic
labeling was used to show that the human TFIID transcription initiation complex binds
H3K4me3 through the PHD finger of the TAF3 subunit’® as previously predicted’®. It was
demonstrated that the TFIID interaction may be further enhanced when H3K9 and H3K14
are acetylated; this distribution of two acetylated lysine residues may serve as a substrate for
the double bromodomains of the TAF1 subunit (described above, Fig. 2d). In this regard,
NuA3 may function to deposit acetylation marks required for proper engagement of the
TFIID basal transcription machinery.

ING2 PHD finger targets di- and trimethyllysine in H3 Lys4 context

In yeast, mutation of Setlp (the only known yeast H3K4 HMT) or point mutation of H3K4
to arginine produces defects in gene silencing, a result seemingly at odds with the strong
correlation between H3K4me3 and transcription. Recent studies have partially resolved this
paradox by showing that the PHD finger—containing human inhibitor of growth-2 (ING2)
protein of the Sin3-histone deacetylase (HDAC) complex also interacts with H3K4me3
(refs. 39,83). After the PHD finger of ING2 was shown to be required for deacetylation of
H3K14 in vitro, RNAI knockdown of the WD40-repeat protein WDRS5 was used to reduce
endogenous H3K4me3 levels, which resulted in loss of ING2 association with chromatin
and the cyclin D1 promoter. In assays where doxorubicin treatment was used to induce
ING2-dependent repression of cyclin D1, ING2 with mutated PHD fingers did not reduce
transcript levels of cyclin D1, whereas reconstitution of the wild-type Sin3—-HDAC complex
greatly reduced transcription. Yeast also have orthologs of this HDAC complex (RPD3L), in
which Pho23p has a PHD finger that binds H3K4me3 (ref. 83).

A crystallographic characterization of complex formation between ING2 H3K4me peptides
and the PHD fingers of ING2 (ref. 39) independently reached the same conclusions about
the basis of the recognition specificity reported above for the BPTF PHD finger—-H3K4me3
complex?0. The H3K4me-binding pocket is composed of two aromatic residues, with the
partial aromatic cage completed by the side chains of serine and methionine residues.
Mutational studies of binding site residues disrupted H3K4me3 binding in vitro and the
ability of ING2 to induce apoptosis in vivo39:83,

Thus, although it may seem contradictory that complexes that either activate or repress
transcription are recruited by the same mark, this may be a mechanism for the cell to rapidly
shift between transcription states of cellular proliferation—associated genes upon DNA insult
or other fluctuations in environmental or physiological conditions83:84, We favor the general
view that multisubunit complexes have the potential to use multiple binding modules that
may function to achieve appropriate targeting of the complex to chromatin or stabilization of
its association’4:80:84_ Although many of these complexes read covalent histone
modifications, unmodified histones and non-histone substrates are also physiologically
relevant targets of such activities (see below).

Readout of unmodified basic amino acids

Although complexes that interact with unmodified histone tails have been reported to be
associated with hypoacetylation and silencing®®, until recently the structural basis of this
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recognition had not been elucidated. Nevertheless, researchers made inroads by determining
how unmodified residues are interpreted, structurally and functionally86-91, Collectively,
these studies underscore an important concept: whereas some modifications are used to
promote chromatin associations, in other instances the same mark can be used to weaken or
block these interactions.

PHD finger of BHC8O0 targets lysine in H3 Lys4 context

Members of the corepressor complex include H3K4 lysine demethylase-1 (LSD1), HC80
and the corepressor COREST; this complex is associated with transcriptional repression of
neuron-specific genes®2:93, In a striking observation, the PHD finger of BHC80 binds
unmethylated H3K4 (K4 ~ 30 uM) and discriminates strongly against its methylated
counterparts®’. The molecular basis for this unanticipated recognition specificity for
unmethylated K4 (K4me0) in an H3 context was resolved by the 1.4-A crystal structure of
H3;_10K4me0 bound to the BHC80 PHD finger®”. Like its methylated counterparts, the
peptide adopts an extended conformation and contributes another strand to the antiparallel 3-
sheet of the BHC80 PHD finger, with the N terminus of the H3 peptide recognized in a
hydrogen bond cage formed by three backbone carbonyls. The free {-ammonium group of
unmethylated H3K4 forms a pair of hydrogen bonds with two acceptors on the PHD finger:
an aspartate side chain and the amide carbonyl of the residue preceding it (Fig. 4c and Box
1, panel iv). The recognition specificity for the unmodified lysine side chain is associated in
part with presumed steric exclusion of methyl groups. The complex has a striking
interdigitation of peptide and PHD finger side chains such that a methionine side chain of
the PHD finger is interposed between the H3R2 and H3K4meO side chains, and an aspartate
side chain of the PHD finger is sandwiched between and hydrogen-bonded to the H3K4me0
and H3R8 side chains (Fig. 4c). The importance of these methionine and aspartate residues
in the PHD finger to complex formation was validated by mutation studies, which resulted
in complete loss of binding affinity.

At the functional level, derepression of LSD1 target genes accompanies BHC80 knockdown
by RNAI®87. Furthermore, ChIP experiments establish a reciprocal dependence of BHC80
and LSD1 on each other for association with chromatin. As BHC80 targeting to promoters is
reduced in LSD1-knockdown cells, and the PHD finger binds the H3K4me0 product of the
LSD1 reaction, the function of BHC80 is proposed to be downstream of LSD1 activity87.
Interestingly, one component of the LSD1 complex, BRAF35, was shown to bind highly
condensed mitotic chromatin; whether mitosis involves demethylation of H3K4 is not
known%,

Cysteine-rich ADD domain of DNMT3L targets lysine in H3 Lys4 context

Cytosine methylation, performed by DNA methyltransferase (DNMT)-family enzymes
containing C-terminal SAM-dependent methyltransferase and N-terminal cysteine-rich
folds, is the only known epigenetic modification of DNA itself and is required for genomic
imprinting (establishment of gene expression patterns through inherited DNA methylation
patterns). DNA methylation is classified into two types: maintenance methylation (by
DNMT1 homologs during replication)?> and de novo methylation (by DNMT3 homologs
at cytosines of unmethylated CpGs during establishment of the germline-specific
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methylation imprinting)®’. Germline-specific DNA methylation was shown to be defective
in mice deficient in the DNMT3-like protein (DNMT3L), a DNMT3 family member that
lacks intrinsic methyltransferase activity.

Recently, it was shown that the N-terminal tail of histone H3 is engaged by the cysteine-rich
zinc-binding domain of DNMT3L, but only when H3K4 is unmethylated. The 3.3-A crystal
structure of DNMTS3L in the free state defined the folds and relative orientations of the
impaired-methyltransferase and cysteine-rich domains®® (Fig. 4d). The cysteine-rich ATRX-
DNMT-DNMT3L (ADD) domain is organized around three zinc ions and is structurally
very similar to PHD finger domains in its core. In effect, the ADD domain is a PHD finger
embedded within additional protein scaffolding®®. Its highest binding affinity is for
unmodified H3K4me0 (Kq = 2.1 uM), with the affinity dropping 20-fold for H3K4mel (K4
= 36 uM) and with no measurable affinity for H3K4me2 and H3K4me3. H3;_,4 was soaked
into the crystal of DNMTS3L, and density was identified for a small portion of the bound
peptide backbone. By analogy to the high-resolution structure of the N-terminal H3 peptide
bound to BHC80 (ref. 87), in the low-resolution complex structure a hydrogen bond was
proposed to exist between the side chain of K4 on the peptide and an aspartate residue on the
cysteine-rich zinc-binding domain of DNMT3L86. Mutations that disrupt this interaction
adversely impacted the binding affinity, and the observed discrimination against methylation
at H3K4 was attributed to steric occlusion. The implications of these results are that DNA
methylation status and heterochromatin formation may be negatively regulated by histone
modifications.

The WD40 protein WDR5 targets arginine in H3 Arg2 context

The WD40-repeat protein WDR5 is a common component of SET1-family histone
methyltransferase complexes9. Initial biochemical studies suggested that WDR5
preferentially binds H3K4me2-containing peptides and nucleosomes!9l, More careful
peptide binding analyses by a variety of methods provide a more complicated and
controversial picture88-90, although a modest preference for H3K4me2 over other methyl
forms is generally observed®:90, WDRS5 has been shown to be essential for proper Hox gene
activation and vertebrate development, and as described above, RNAI knockdown of WDR5
results in the global loss of H3K4me3 but not of H3K4me1/2 (ref. 101). The molecular basis
for H3 tail recognition by WDR5 has emerged from crystal structures of WDR5 complexed
to H3K4me2 peptides (best resolution up to 1.50 A; Fig. 5a) by four research groups88-91,
The complex is stabilized by a set of direct and water-mediated hydrogen bonds along the
peptide-WDRS5 interface, anchored at one end by the N-terminal alanine within a cavity
formed by several aromatic residues. Strikingly, unmodified H3R2 inserts its side chain into
the central channel of the toroidal WDRS5 B-propeller fold, where it is sandwiched between
staggered aromatic amino acids and oriented through direct and water-mediated hydrogen
bonds (Fig. 5b). Comparing the intermolecular interactions of the H3R2 side chain in the
H3K4me2-WDR5 complex (Fig. 5b) with those in the H3K4me3-BPTF PHD finger
complex (Fig. 5¢) reveals that the contacts made by WDRS5 are more extensive and are
sequestered from bulk solvent. As expected from the considerableH3R2 recognition
interface, mono- and dimethylation of H3R2 abrogates binding affinity®®, consistent with
WDRS5 being a reader of the unmodified arginine mark (for details, see below and a recent
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review!®). Unexpectedly, in five of the six published H3K4me2 structures, the side chain of
H3K4me2 is ordered and projects outward from the WDRS5 core, with its
dimethylammonium proton forming a water-mediated hydrogen bond to a glutamate residue.
Two of the four research groups that produced these structures have also solved structures of
WDR5 bound to H3K4me0, H3K4me1l and H3K4me3 peptides8®90. The bound methylated
H3K4 peptides adopt essentially the same backbone conformation on WDRS in all three
methylation states, consistent with their comparable binding affinities in the low micromolar
range88:89. One of the groups noted an apparent kinetic preference for the H3K4me?2 state89,
and another reported that WDR5 was better stabilized against thermal denaturation in the
presence of H3K4me2 than in the presence of other methyl forms®.

The way in which WDRS5 facilitates trimethylation of H3K4 remains poorly understood. In a
recent study102 a Y191F mutation of WDR5 reduced binding of H3 by a factor of ~10,
relative to wild-type binding, but maintained the stability of the MLL1 core complex; this
resulted in greatly reduced H3K4 HMT activity102, Thus, the WDRS5 interaction may be
important in properly presenting the H3K4 residue to the active site of MLL1, an idea
consistent with the solvent-exposed position of the H3K4 side chain in the WDR5
complexes. Furthermore, the difficulty of finding mutants that perturb H3 peptide binding
without disrupting formation of the mixed lineage leukemia-1 (MLL1) core complex attests
to an intimate packing association of the MLL C-terminal protein fragment—perhaps
specifically its SET methyltransferase domain—uwith the peptide-proximal WDR5
surfacel02, Thus, if the SET domain were positioned atop WDRS, the WDR5 protein might
act as a ‘presenter’ module to impart sequence and PTM state specificity to the catalytic
methyltransferase domain of the complex. The notion of presenters as intermediaries is
appealing because it accounts for sequential modification of lysines to increasingly
methylated states. Furthermore, there are numerous other WD40-repeat proteins found in
assorted chromatin-associated complexes'93—for example, the WD40-repeat protein
RbAp48 binds unmodified H3 in D. melanogaster NURF and presumably in other
complexes’8. It remains uncertain whether this developing theme of WD40-repeat presenter
modules sensitive to particular PTM states is indeed a more general feature in chromatin
biology.

Readout of phosphoserine marks

Many serine and threonine histone residues can be modified by phosphorylation, which,
depending on the site, can be important in cell-cycle control, DNA damage repair and
transcriptional regulation*. Phosphorylation of serine and threonine, as well as tyrosine,
appends a bulky and negatively charged phosphate moiety to the hydroxyl group of the side
chain, thereby substantially expanding the ion-pairing and hydrogen-bonding capacities of
these residues. Effector-mediated recognition contingent upon protein phosphorylation is the
paradigmatic example of PTM-regulated signal transduction4. Although many phosphate-
binding modules have been described for non-histone proteins, information on
phosphohistone effectors is limited to the two examples discussed below.
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14-3-3 Proteins target phosphoserine in H3 Ser10 context

The 14-3-3 protein family has seven distinct isoforms (B, €, v, 1, o, T and (), of
which14-3-3y is one of the most abundant. The mammalian 14-3-3 proteins (and Bmh1p and
Bmh2p in budding yeast) constitute a family of ubiquitous and well-conserved
phosphoserine-binding modules194.105 that regulate signal transduction, chromosome
condensation and apoptotic cell death14196, Serine phosphorylation has been observed on all
core histone tails as well as on the linker histone H1. In addition to the considerable global
increase in H3S10 phosphorylation (H3S10ph) observed during mitosis, transient H3
phosphorylation also has a role in immediate early gene induction mediated by mitogen- and
stress-activated kinases 1 and 2 (MSK1/2)16.107-111 14.3.3 proteins are known to hetero-
and homodimerize, potentially allowing for interaction with at least two phosphoserine
sites106. To our knowledge, however, no experimental evidence has yet been reported to
support simultaneous engagement of two different histone tails on the same or distinct
nucleosomes.

A combined structure-function study has identified 14-3-3 isoforms that target N-terminal
histone H3 peptides in a phosphorylation-dependent manner!12, H3 tails may be
phosphorylated at S10 and S28, each of which is found in an Ala-Arg-Lys-Ser sequence
motif. The 14-3-3 protein isoforms were identified by affinity purification as proteins in
HeLa cell nuclear extracts that targeted phosphorylated H3 peptide tails, with complex
formation demonstrated both in vitro and in vivo. The 14-3-3¢ isoform was found to have
measurable affinities for binding to H3S10ph (K4 = 78 uM) and H3S28ph (K4 = 23 uM)
peptides, and acetylation of K9 and K14 had a minimal effect on binding. Next, ChIP
analysis was used to show in vivo that 14-3-3¢-bound mononucleosomes containing
phosphorylated, acetylated H3 peptides were inducibly recruited to c-fos- and c-jun—
proximal nucleosomes after gene activation, concomitant with phosphoacetylation of H3
(ref. 112). Crystal structures have revealed molecular details of the binding pocket of 14-3-3
in its interaction with H31_5;S10ph and H3_50S10phK9acK14ac peptides'1? (Fig. 6a). The
all a-helical 14-3-3 protein forms a dimer in the crystal, and the bound 7-A-R-Kac-Sph-T-
G-G-Kac-14 peptide, in a partially extended conformation with a kink, spans the V-shaped
binding channel. The complex is stabilized by intermolecular hydrogen bonds between the
backbone of the bound peptide and the side chains of 14-3-3, with the phosphate forming
multiple contacts and its charge being neutralized by the basic side chains of two arginine
residues (Fig. 6b). The side chain of H3R8 forms an intramolecular hydrogen bond to the
H3S10ph phosphate, as well as a hydrogen bond to a glutamate side chain of 14-3-3 (Fig.
6¢). The backbone trajectory of the bound peptide changes direction at Gly-Gly, allowing it
to exit from the binding-cleft constriction.

Tandem BRCT domains of MDC1 target phosophoserine in yH2AX

Cells respond to double-strand breaks in DNA, an extremely toxic lesion, by initiating a
DNA damage response involving deployment of multiprotein complexes that signal for cell-
cycle arrest and coordinate repair processes. DNA damage and repair “signatures’ in the
form of covalent modifications of histones and related proteins are only beginning to be
understood!13. The human H2A variant H2AX has been shown to be phosphorylated by the
‘ataxia telangiectasia mutated’ kinase (ATM) at S139 (known as YH2AX) upon induction of

Nat Struct Mol Biol. Author manuscript; available in PMC 2015 December 28.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Taverna et al.

Page 17

double-strand breaks!14115 Mediator of DNA damage checkpoint protein -1 (MDC1, also
known as NFBD1) was noted to colocalize with yH2AX and 53BP1 (see above) to
specialized DNA damage-induced nuclear foci in a manner dependent on yH2AX116,
Subsequent structural studies have illuminated a direct interaction between the
phosphoepitope at the C terminus of yH2AX and the tandem BRCT repeats of MDC1 (refs.
117,118), as reviewed recently4,

A peptide spanning the yH2AX C-terminal tail (K-K-A-T-Q-A-Sph-Q-E-Y) binds the
tandem BRCT domains of MDC1 with substantial affinity (K4 = 2.2 uM). Mutation studies
validated S139 as the key phosphorylation site associated with this recognition and also
highlighted the importance of the tyrosine residue at the +3 position relative to the
phosphorylation site. The molecular basis for recognition of H2AXS139ph by the tandem
BRCT domains of MDC1 was elucidated by the crystal structure of the complex!18 (Fig.
6d). The compact a/p fold of each BRCT repeat is bridged by the helical linker segment.
There is complementarity between the surfaces of the S139ph-modified yYH2AX and the
binding cleft that forms at the interface of the BRCT domains. The phosphate oxygens of the
phosphoserine are hydrogen-bonded to main chain and side chain atoms of two structurally
conserved residues on MDC1 (Fig. 6€). A key arginine in MDC1 forms a pair of hydrogen
bonds to the C-terminal carboxylate of Y142 of yH2AX (Fig. 6f), and mutation of this
arginine completely abolishes binding. Notably, the complex formed between MDC1 and
the phosphoepitope of yH2AX18 shows similar molecular recognition features to those
observed in the BRCA1-BACH1 complex!19, When the interaction between MDC1 and
yH2AX was disrupted, either by mutation of residues in MDC1 or by use of an
unphosphorylatable H2AX S139A mutant or interaction-disrupting H2AX Y142A mutant,
MDC1 was no longer recruited to damage foci. Immunofluorescence studies showed that
MDC1 mislocalization also disrupted the recruitment of downstream DNA damage repair
proteins such as 53BP1 and NBS1 (ref. 118), revealing the importance of this interaction.

Principles underlying phosphoserine recognition

In the structures of complexes of the H3S10ph peptide bound to 14-3-3 protein!12 (Fig. 6b)
and the H2AX S139ph peptide bound to the tandem BRCT domains of MDC1 (ref. 118 and
Fig. 6€), the phosphate group attached to the serine is fully hydrogen-bonded to side chain
and/or backbone atoms, at least one of which is positively charged to facilitate charge
neutralization. The phosphoserine can also participate in a hydrogen-bonding network, as
seen in the 14-3-3 complex, where a glutamate of the protein helps to orient an
intramolecular contact within the peptide (Fig. 6¢). An additional feature of the MDC1
complex hints at a more common theme: the register of the phosphoserine mark relative to
the anchored C terminus of the bound yH2AX (Fig. 6f) seems to be important, analogous to
N-terminal recognition for certain readers of unmodified and methylated lysine marks,
discussed above. Interestingly, WD40-repeat proteins have also been structurally
characterized as effectors that bind unmodified lysine or arginine and phosphoserine in
signal transduction and protein-protein interaction interfaces!20-122, |n regard to this, the
remaining challenge will be to identify more downstream effectors associated with
chromatin that may interpret the information encoded by histone phosphorylation PTMs.
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Phosphorylation-mediated cross-talk relationships

Other intriguing phosphate-related challenges remain for histone proteins. For example,
phosphate-mediated ‘phospho-methyl switching’ has been proposed and shown
experimentally to control the release of more stably bound chromatin effectors, such as HP1
bound to H3K9me during mitosis and probably additional effectors bound during other cell-
cycle and developmentally regulated events23-125_ Phospho-methyl switching has also been
observed in non-histone proteins, for which it similarly toggles effector affinity26, Finally,
we note that although some highly conserved phosphorylation sites in histone proteins are
reasonably well studied (for example, H3S10ph or linker histone H1 phosphorylation during
mitosis127), point mutations at these sites often yield little or no obvious phenotype in
yeast128, It remains of interest to determine whether other phosphorylation sites in histone
proteins carry redundant or backup functions, as well as to explore the potential functions of
other, less well-studied phosphoacceptors (for example, tyrosine and histidine) in histone
biology12°. As new phosphorylation marks are identified, we predict that new cognate
binding effectors will also be found that may conform to some of the principles of effector-
mediated binding discussed in this review. In addition, important roles in the epigenetic
landscape will probably also be discovered for phosphorylation-mediated direct effects and
other cross-talk relationships.

Emerging themes and future challenges

The recent deluge of structural and functional data concerning the reading and writing of
histone modifications has yielded tantalizing clues as to how the addition of small chemical
entities to histones, and their removal, can translate into remarkable changes in chromatin
structure and biology. In this section, we highlight emerging ideas that the field is poised to
test using lessons from the observed interactions of histones with binding modules.

Linked effector modules and multivalent readout of histone marks

There are many examples of two or more putative histone-binding modules linked within the
same protein or within the same multisubunit complex, allowing for combinatorial PTM
readout at the histone or nucleosomal level®4. For example, in the sections above we
compare the architecture of dual domains such as the double chromodomains of CHD1 (Fig.
3c), double tudor domains of IMID2A (Fig. 3d), tandem tudor domains of 53BP1 (Fig. 3¢)
and tandem BRCT domains of MDC1 (Fig. 6d). Interestingly, some of these dual domains
bear a single binding site for their marks—a site that either is found only in one of the two
domains (as in the JIMJD2A double tudor domains) or is formed at the interface of the two
domains (as in the CHD1 double chromodomains and the MDC1 tandem BRCT domains)—
whereas other dual domains retain two separate binding sites. Importantly, the presence of
two independent binding sites for modified histones establishes the possibility of
simultaneous engagement of two different substrates. For instance, the TAF1 double
bromodomain (Fig. 2d) may simultaneously engage dually acetylated histones such as those
observed on the H4 tail (Fig. 7a). Another example is provided by the MBT repeats of
L3MBTLL: two of the three repeats may be used simultaneously to engage two sites/marks
in a histone tail (Fig. 7b and Supplementary Fig. 1). Pocket 2 of L3AMBTL1 has been
described as a mono- and dimethyllysine-binding module371, whereas pocket 1 contains a
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Pro-Ser binding motif3®. Thus, these two binding determinants, separated by an appropriate
distance in a histone peptide, could be simultaneously targeted, and this distance constraint
may be satisfied by Pro30 and methylated K36 or K37 in histone H3.3. For both TAF1 and
L3MBTLL, composite specificity may arise both from the molecular recognition properties
of each binding pocket and from the spacing between the two pockets.

Also of interest are linked unique domains that can potentially bind multiple marks residing
on the same or different histone tails. One example is the BPTF PHD finger—linked
bromodomain, in which the linker adopts an a-helical conformation that separates the PHD-
finger domain (which targets H3K4me3) and the bromodomain (which targets H4Kac) by a
fixed distance and defines the relative orientations of their binding pockets#? (see
Supplementary Fig. 1 for structure). The adjacent PHD finger and bromodomain of BPTF
could be used to simultaneously engage both H3K4me3 and an acetylated lysine residue
(Fig. 7¢). In another intriguing case, the Rpd3S complex has two subunits that are required
for in vitro interaction with H3K36me and hyperacetylated nucleosomes: the chromodomain
of Eaf3p is a modest H3K36me3-binding effector30:131 and the PHD finger of Rcolp
makes an additional contribution to nucleosomal binding that remains unclear!32 (Fig. 7d).
Moreover, many other complexes involved in chromatin regulation contain multiple
prospective reader modules as subunits, setting the stage for readout of histone marks on
nucleosomes by combinatorially assembled complexes8. Figure 7 schematically
summarizes the ways in which multiple modules may collaborate to increase specificity for
multiple marks in chromatin substrates. Individual recognition elements need not be
restricted solely to the combinatorial recognition of histone marks, but could in addition
make contributions through shape complementarity associated with molecular recognition
between complementary surfaces (see Boxes 2 and 3). If, as has been proposed, a free N
terminus is required for PHD fingers to engage H3K4me3 (see Box 2)1°, a histone-specific
endoprotease activity33 could uncover cryptic binding sites (Fig. 7e). In addition, sequence-
specific and nonspecific DNA contacts may have a significant role as recruitment and
avidity elements in multivalent interactions.

Given that these potential binding elements are arrayed in complexes capable of
synchronous binding to a number of chromatin moieties, what are the anticipated functional
consequences of multivalent substrate binding by chromatin-associated complexes?
Multivalency may afford enhanced affinity, composite specificity and more dynamic control
of residence times of chromatin-associated macromolecular assemblages'®84. With respect
to the genome-wide localization of various histone PTMs, it is evident that discrete patterns
of marks generally correlate with particular functional consequences® /3. Novel mass
spectrometry approaches have recently detailed a wealth of previously undescribed
coexisting histone marks that may serve as platforms for such engagement®*134, We have
put forward the idea that these distinct patterns, coupled with other chromatin elements,
serve to recruit and stabilize different macromolecular complexes to locil®84. A single
modification may often not suffice to transduce a particular effector-mediated downstream
consequence: as noted above, modules that bind H3K4me3 are found in both complexes that
activate transcription and complexes that repress it, begging the question of how the
targeting specificity of a complex is achieved8184, The biophysics of multivalency may
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resolve this conundrum—for example, an activating complex might bind H3K4me3 and
additional activating PTMs, whereas a silencing complex might also bind H3K4me3 but
simultaneously engage silencing PTMs.

Readers of mono- and dimethylarginine marks

Although interest in arginine methylation in histone proteins has arguably lagged behind the
current interest in histone lysine methylation, this situation is not likely to last for long. The
coactivators CARM1 and PRMT1 are arginine-directed methyltransferases targeting H3R17
and H4R3, respectively, and are well known to stimulate nuclear receptor—-mediated
transcription from chromatin templates both in vivo and in vitro35-137_ Moreover, these
activation reactions are reversible by demethylase and demethylimidase activities38:139,
consistent with the well-established theme that it is the steady-state balance of methylation
at these sites that is crucial for gene regulation. The arginine side chain can be
monomethylated (Rmel), symmetrically dimethylated (Rme2s) or asymmetrically
dimethylated (Rme2a) at the guanidinium n positions (Fig. 1a); however, knowledge about
readers of methylarginine marks is limited, as no structure of a reader bound to this mark is
yet available. We summarize below the available data on the survival of motor neuron
(SMN) tudor domain and its putative recognition of the symmetrical dimethylarginine mark;
we envision similar binding modes for other putative histone methylarginine effectors. The
SMN protein is key in the assembly of spliceosomal small nuclear ribonucleoprotein
(snRNP) complexes. NMR-based studies have established that the central tudor domain of
SMN forms a barrel-like fold composed of sharply bent antiparallel -sheets and that its
outer surface has an overall negative chargel4°. The tudor domain of SMN binds the
arginine/glycine-rich C-terminal tails of spliceosomal Sm core proteins, and this binding is
facilitated after symmetrical dimethylation of arginine side chains41. NMR chemical shift
and saturation transfer experiments indicate that the symmetrical dimethylarginine side
chain is positioned near a cluster of conserved aromatic residues that form aromatic cages in
structurally related methyllysine-binding effectorsl41. Spinal muscular atrophy results from
specific mutations in the SVIN gene, one of which is near this putative methylarginine-
binding cage. The above data, though informative, have yet to provide molecular insights
into the principles underlying methylarginine recognition by the SMN tudor domain.

Although knowledge of methylarginine effector modules is limited, certain arginines are
known to have key roles in modulating the binding of other modules. Indeed, recent reports
suggest that arginine methylation at H3R2 antagonizes H3K4 methylation142:143,
Presumably, the mechanism for this disruption is traceable to the H3R2 modification—
sensitive binding of WDR5 methyltransferase complexes, as an unmodified H3R2 is
essential for productive WRD5 binding88, and WDRS5 binding in turn is required for global
H3K4 methylationl01, Thus, as with other adjacent or nearby histone marks such as
phosphomethyl switching of HP1 (refs. 123-125) and potentially other similar
switches®7:88.144 mutually exclusive cross-talk relationships seem to govern the final
outcome of numerous effector-binding relationships (see review in this issue by Dent et
al.145), We look forward not only to the identification of as yet unknown histone
modification-binding modules, but to increased understanding of the molecular principles by
which they operate and the functional consequences of these binding events.
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Beyond chromatin biology

We predict that additional PTMs and PTM patterns will be identified with some regularity
as new approaches and methods are applied to physiological states that are currently less
well studied. Witness the relatively new idea that bivalent domains containing H3K4me and
H3K27me marks (which turn transcription on and off, respectively) characterize certain
developmentally poised genes in early embryonic stem cells32. Indeed, the known
chromatin-based epigenetic landscape is rapidly changing shape and taking on new
contours, and the ‘modification-effector road” promises to be an exciting route with more
unexpected turns.

In closing, we ask whether “pocket reading’ of chromatin modifications matters beyond its
purely intellectual interest, and to what extent epigenetics underlies biological processes that
affect human biology and disease. Traditionally, cancer research has focused on genetic
changes such as amplifications, deletions and point mutations affecting molecules involved
in growth control and cellular homeostasis. It has become increasingly clear that epigenetic
changes, such as DNA and histone methylation, contribute to the progression of human
disease (see ref. 146 and chapters 23 and 24 in ref. 1). We favor the general view that
changes in the regulatory signals provided by chromatin modifications—changes that can
result from alteration of either the enzyme systems that write this language or the protein
modules designed to read it—lie at the heart of many pathological states and have far-
reaching implications for human biology. For example, perturbations of the MLL1 protein, a
methyltransferase associated with writing of H3K4 methylation marks at Hox gene clusters,
are causative of a number of leukemias. However, MLL1 itself contains multiple PHD
fingers in a region located well outside of its known catalytic SET domain, and the functions
of these fingers are currently unknown. It will be important for future research to explore
whether human disease can arise from changes in histone PTM-reading modules that act as
either individual or combinatorial units of recognition.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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BOX 1 Lessons learned from state-specific readout of methyllysine marks

Structural studies of methyllysine effectors in cognate peptide—bound or apo forms
suggest general mechanisms that are used by binding pockets to achieve specificity
toward distinct methylation states. Here we illustrate these common features and their
roles in engagement.

Surface-groove versus cavity-insertion recognition modes

The known structures of methyllysine effector complexes can be subdivided into those
that use a cavity-insertion recognition mode (i), as observed in complexes of the lower
methylation state—binding 53BP1 tandem tudor domains3® and L3MBTLL1 (ref. 35), and
those that use a surface-groove recognition mode (ii), as observed in complexes of the
higher methylation state—binding HP1 chromodomain#®46:48 CHD1 double
chromodomains®’, JMID2A double tudor domains®3 and PHD finger3240.74, In the
cavity-insertion recognition mode, the methylammonium group of methyllysine is
inserted into, and buried within, a deep protein cleft (i), potentially endowing the pocket
with size-sensitive selection filter capabilities. In the surface-groove recognition mode,
the binding pockets are both wider and more accessible (ii), such that the methyllysine
side chain lies along a protein surface groove and the effector complexes have
appreciable but less stringent preferences for certain lysine methylation states.

Static recognition pockets

Whereas the peptides can undergo p-strand backbone conformational changes induced
during binding, the effector proteins often show little or no appreciable structural
perturbation. The compact nature and apparent monolithic rigidity of effector folds
precludes substantial movement as a consequence of ligand engagement. Furthermore,
for most structurally characterized effectors, there seems to be little or no movement of
side chains involved in recognition. In particular, aromatic cages in the bound form are
very static with respect to their unliganded counterparts (iii). Preorganized cages have a
clear energetic benefit over flexible binding sites in that the conformational entropy loss
upon binding is minimized on the protein side. Notable exceptions to this rule include
side chain movements observed upon complexation in WDR588:89 and 53BP1 (ref. 36).

Aromatic cage pockets

A common and striking feature of methyllysine reader domains is the positioning of the
methylammonium moiety within an aromatic cage consisting of two to four aromatic
residues, often supplemented by one or more acidic side chains. In contrast to the PHD
fingers that recognize the unmodified lysine (which lack any semblance of aromatic
caging residues; iv), the BPTF PHD finger has four aromatic residues (viii) and the ING2
finger has two aromatic residues and a hydrophobic methionine side chain (vii). The
methylammonium group, which carries a diffuse positive charge, stacks over the partial
negative charge permeating the face of the aromatic rings, with the electrostatic
stabilization mediated by cation-m interactions33:34 (v-vii) and to a lesser extent by
hydrophobic contacts.

Structural basis for lower lysine methylation state—specific readout
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The tandem tudor domains of 53BP1 (ref. 36) and the second MBT pocket of L3MBTL1
(ref. 35) both bind mono- and dimethyllysine within an aromatic cage, using the cavity-
insertion recognition mode (i) to discriminate against the trimethyllysine counterpart
(compare to surface-groove recognition, ii). The specificity for lower lysine methylation
state readout originates in a direct hydrogen bond and electrostatic interaction between
the methylammonium proton and the carboxylate of an aspartate residue lining the walls
of the aromatic cage (v and vi). Furthermore, trimethyllysine binding would be
disfavored by an anticipated steric repulsion between the additional methyl group and the
aspartate side chain. In addition, the limited dimensions of the binding pockets in 53BP1
and L3MBTL1 complexes, both at the entrance and within the channel, seem to restrict
the access of the larger trimethylammonium group.

Engineering methyllysine recognition specificity

The wild-type BPTF PHD finger binds methylated lysines in an H3K4 sequence context
with affinities in the order Kme3 > Kme2 >> Kmel > Kme0, as measured by NMR
titration, surface plasmon resonance and fluorescence polarization studies*. It was
anticipated that the availability of a properly positioned carboxylate side chain could
allow fine-tuning of the state-specific readout of methylated lysines. Indeed, a single Tyr-
to-Glu substitution in the aromatic cage motif of the BPTF PHD finger reverses the
binding preference from H3K4me3 to H3K4me2 (ref. 35). The crystal structure of the
Y17E mutant BPTF PHD finger (viii) establishes that the specificity change is associated
with hydrogen-bonding between the methylammonium proton and the carboxylate group
of the glutamate side chain in the mutant. In this instance, the stringency of
discrimination by surface-groove recognition does not match that described above for
cavity-insertion recognition because of the steric demands associated with the latter
recognition mode.

7
Cavity insertion Surface groove Static pocket
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BOX 2 Lessons learned from sequence-specific readout of methyllysine
marks

The sequence context in which a histone modification is presented to an effector module
is crucial to the fidelity of molecular readout. Here we describe general constraints on
modification-proximal residues of the substrate peptide for common recognition elements
in binding modules.

Induced p-sheet intermolecular alignment

The methyllysine-containing peptides are unstructured in the free state but undergo
induced-fit conformational transitions upon forming complexes with effector domains. In
most cases, the bound peptide adopts an induced-fit 3-strand conformation and pairs
through antiparallel alignment along the exposed edge of an existing 3-sheet scaffold of
the effector domain (i)1240. This pairing alignment in turn projects the side chains of
methyllysine and its non-nearest neighbor residues at the —2 and +2 positions toward the
effector domain, with binding affinity and specificity determined by steric compatibility
and the network of intermolecular hydrogen-bonding and electrostatic interactions.

Register of marks relative to a free peptide termini

The register of the methyllysine mark relative to the terminus of the histone tail could
also be a general contributing factor in effector recognition!®. This is likely to be
important only when the terminus is near the modification recognized, as occurs for the
H3K4me mark. In such cases, the positively charged N terminus is anchored in its own
binding pocket (i and ii), which in essence acts as a block against N-terminal extensions
characteristic of longer substrates. Similarly, C-terminal recognition seems to be
important for the H2AXS139ph modification (Fig. 6f). It remains unclear to what extent,
if any, early reports of developmentally regulated histone proteolysis foreshadow
physiologically relevant chromatin-binding events, one function of which could be to
generate free ends, enabling the binding of modules that would otherwise be excluded by
additional peptide extensions.

Specificity of BPTF and ING2 PHD fingers for trimethyllysine

The arrangement of tryptophan-separated binding channels (ii and Fig. 4b) readily
explains the specificity of the BPTF40 and ING23% PHD fingers for H3K4me3, as this
sequence has H3R2 and H3K4me3 separated by one residue (T3), whereas binding of
H3K9me3 and H3K27me3 is disfavored because an arginine is adjacent to Kme3 in both
these sequences. Deletion of T3 greatly reduces binding in the ING2-like Ynglp PHD
finger’4, suggesting that T3 functions as a spacer0.
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BOX 3 Contribution of shape complementarity to molecular recognition

Although this review focuses largely on histone PTMs (mainly hydrophilic in nature) and
their binding modules, it does not escape our attention that non-PTM hydrophobic
interactions may contribute to the engagement and function of non-histone proteins at
chromatin, especially at the level of multivalent interactions.

ETO MYND domain targets proline-rich hydrophobic motifs in SMRT

NMR solution studies establish that myeloid-Nervy-DEAF-1 (MYND) domains, which
contain a Cys6-His-Cys zinc-chelating motif, adopt an interleaved zinc-chelating
topology reminiscent of PHD- and RING-finger folds147:148, Binding studies have
implicated certain MYND family members in recognition of hydrophobic stretches in
peptides. Indeed, the ETO MYND domain interacts with the NPPPLIS peptide of the
silencing mediator of retinoic and thyroid hormone receptor (SMRT)148, The SMRT
peptide binds in a kinked, semi-extended conformation to a hydrophobic declivity in the
MYND domain by forming an antiparallel f-sheet—that is, the two—stranded [3-sheet core
of the MYND domain is extended to its three-stranded counterpart by alignment of the
adopted B-strand contributed by the C-terminal portion of the SMRT peptide. The side
chain of the leucine in the bound NPPPLIS sequence inserts into a hydrophobic pocket (i
and ii), while the first proline ring of the sequence packs against a tryptophan ring of the
MYND domain (i). The complex is further stabilized by intermolecular hydrogen bonds
between side chains of glutamine and serine residues of the MYND domain and CO
backbone groups of the peptide (i). Hydrophobic desolvation effects probably dominate
the energetics of binding and, together with the numerous hydrogen-bonding contacts,
may dominate the specificity as well. In addition, the conformational restriction of
proline-rich peptide sequence may minimize the entropic binding penalty while at the
same time positioning the peptide backbone so that it extends out at the C-terminal end
for intermolecular hydrogen bond formation in an antiparallel B-sheet context. Certain
mutations of MYND residues involved in SMRT peptide recognition reduce binding
affinity and attenuate the impact of the leukemogenic AML1-ETO fusion on gene
expression, differentiation and proliferation148.

i MYND (ETO)
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Figure 1.

Histone post-translational modifications and their binding partners. (a) Stick models of
different classes of post-translationally modified amino acid residuess, highlighting small
chemical group side chains on histone tails. Yellow, carbon; blue, nitrogen; pink, polar

hydrogen; red, oxygen; orange, phosphorus; green, methyl groups of post-translational

modifications. Background is shaded by charge of side chains at physiological pH: light

blue, positive; pink, negative; light green, uncharged. (b) Reading the histone (protein) code.
Shown grouped by domain family are known chromatin-associated modules and the histone
marks they have been reported to bind. Parentheses denote examples where structural
information is known about related family members and their interactions with non-histone

PTMs.
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Figure2.
Readout of acetyllysine marks by bromodomains. (a) Topology of bromodomain fold. Green

cylinders, core a-helices (aZ, aA, aB and aC); blue ovals, loops (LZA and LBC) that
participate in acetyllysine reader pocket formation and also bear recognition elements for the
modified peptide sequence; green triangle, approximate location of acetyllysine binding
pocket. (b) Recognition of H4K16ac mark by the Gen5p bromodomain (PDB 1E61). Note
insertion of the acetylated lysine side chain into a deep pocket generated at one end of the a-
helix bundle. (c) Details of the Gen5p acetyllysine binding pocket. Red spheres, water
molecules; dashed lines, hydrogen bonds. For clarity, main chain portions of the cage
residues and acetyllysine are omitted from stick models. (d,e) Examples of dual
bromodomains. The TAF1 double bromodomain (d; PDB 1EQF) has been reported to
function cooperatively in targeting properly separated diaceylated H4 tails?4. By contrast,
the tandem bromodomain—containing Rsc4p (e; PDB 2R10) has been shown to recognize
histone H3K14ac using its second bromodomain (pale cyan), whereas its first bromodomain
(slate) is involved in recognition of an autoregulatory acetyllysine modification (K25ac) of
the Rscdp protein itself2>. Slate and pale cyan, N- and C-terminal bromodomains,
respectively; red arrows, acetyllysine reader pockets; measuring bar, approximate distance
separating the two pockets. In b, d, e and subsequent figures, all reader modules are depicted
as ribbons, with key cage side chains shown as pink sticks; histone peptides bearing
acetyllysine or other types of PTMs are in yellow, and modified residues are colored as in
Figure 1a; N and C termini of the effector proteins are marked in black and those of histone
peptides in red.
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Figure3.
Readout of methyllysine marks by Royal-superfamily modules. (a) Topology of the Royal-

superfamily fold. Blue arrows, B-strands that form an incomplete -barrel reminiscent of the
SH3 domain fold; orange ovals, loops participating in methyllysine reader pocket formation;
light blue circle, binding pocket at one end of the module. Classical chromo modules have
only three core f3-strands (labeled 2-4) and one orphaned extra strand (labeled 5). Upon
complex formation, the histone peptide completes this five-stranded p-barrel fold by
introducing an extra -strand at position 1 prime, sandwiched between strands 2 and 5 (see
b). This sandwiching binding mode occurs mainly with chromodomains. In other Royal
superfamily members, the interactions are more varied; however, docking in the p-strand
conformation to extend one edge of an existing B-sheet is not uncommon (see d). (b—f)
Examples of known complex structures in the Royal superfamily, ranging from higher
methylation state—specific readers (b—d) to lower methylation state—specific readers (e and
f). Strands that form the SH3-like -barrel are in slate, numbered as in a. Coordinates have
PDB codes 1KNE (b), 2B2W (c), 2GFA (d), 21G0 (e) and 2PQW (f).
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Figure 4.
Readout of modified and unmodified histone lysine marks by PHD finger modules. (a)

Topology of the PHD finger fold. Blue arrows, two small -strands that bridge the
interleaved zinc-finger motifs; labeled white circles, zinc-coordinated cysteine and histidine
residues; green cylinder, short a-helix (al) near the C terminus; pink circles, the caging
residues for readout of methyllysine or unmodified lysine marks. (b) Specific recognition of
the H3K4me3 mark by BPTF PHD finger (PDB 2F6J). The H3 peptide resides in a surface
groove between al and p-strand 1 of BPTF PHD finger upon formation of the antiparallel 8-
sheet with the core p-strands. Note the full aromatic cage formed at the protein surface for
trimethyl-specific readout. H3K4 site specificity is achieved by simultaneous recognition of
H3K4me3 and H3R2, as well as by anchoring of the N terminus by the BPTF PHD finger.
Similar strategies for readout of H3K4me3 marks have been observed for ING2 and Ynglp
PHD fingers. Cyan spheres, zinc ions within the zinc-finger motifs. (c,d) Specific readout of
unmodified H3K4 peptide by BHC80 PHD finger (c; PDB 2PUY) and DNMT3L ADD
domain (a PHD finger—containing module; d; 2PVC). Both modules have a surface patch of
acidic residues for unmodified H3K4 mark recognition. Similar f-sheet—formation and
flanking residue—recognition strategies have been observed for site-specific readout of H3
peptides. In d, the PHD finger module (slate) is embedded within the cysteine-rich ADD
domain, which contains an additional zinc-finger motif.
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Figure5.
Readout of an unmodified arginine by the WDA40 repeat of WDR5. (a) Top view (left) and

side view (right) of WDR5 in complex with H3K4me2 peptide (PDB 2H6N). H3R2 and
H3K4me2 are in stick representation. H3R2 is deeply buried in the central cavity of WDRS5,
whereas H3K4me?2 is presented by WDR5 on the protein surface for further methylation.
(b,c) Details of H3R2 readout by WDRS5 in a cavity-insertion recognition mode (b) and by
BPTF PHD finger in a surface-groove recognition mode (c).
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Figure®6.
Readout of phosphoserine marks by 14-3-3 and BRCT domains. (a) Overview of the

complex structure of 14-3-3C bound to H3S10ph peptide (PDB 2C1J). Peptide is buried in
the V-shaped 14-3-3 protein scaffold. The H3K9ac mark can be accommodated on the
surface channel of 14-3-3. (b) Details of H3S10ph mark recognition around the
phosphoserine-binding site within 14-3-3(. The phosphate group is anchored by multiple
hydrogen-bonding and ion-pair networks. (c) Details of H3R8 recognition by 14-3-3C.
Recognition of the guanidinium amino group of H3R8 contributes to sequence specificity of
H3S10ph readout by 14-3-3C. The intramolecular contact to the phosphate in the bound
peptide is stabilized by additional contacts involving each residue. Similar contacts are
anticipated in phosphohistone complexes with other 14-3-3 isoforms. (d) Overview of
structure of the MDC1 tandem BRCT domains in complex with a H2AXS139ph peptide
(PDB 2AZM). Slate and pale cyan, N- and C-terminal BRCT domains, respectively; beige,
helix-loop-helix linker. The peptide-binding site lies at the interface of the two domains. (€)
Close-up view of the phosphoserine-binding site. The site is formed within the first BRCT
domain and stabilized by several hydrogen bonds with pronounced coulombic character,
involving side chains as well as main chains of several BRCT domain residues. (f) Close-up
view of recognition of the C-terminal tyrosine (+3 position) at the interface of the two
MDC1 BRCA domains. The free C-terminal carboxylate group is capped by an arginine side
chain from the first BRCT domain. The tyrosine side chain is stacked against a proline ring
from the second BRCT domain. This provides another example of terminus specificity as an
apparent additional recognition determinant.
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Combinations of PTM-binding sites generate different specifities. (a) The double
bromodomain motif in hTAF1 simultaneously binds proximal acetylated lysines on H3 or
H4. (b) First and second modules of L3AMBTL1 may simultaneously bind proline and
dimethyllysine marks on histone tails. (c) The PHD finger of BPTF and the proximal

bromodomain bind H3K4me3 and an acetyllysine simultaneously.

(d) The PHD finger of Rcolp increases the binding of the Eaf3p chromabarrel to
H3K36me3 nucleosomes. (€) Schematic of histone-directed protease activity uncovering a

cryptic PTM-binding site.
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