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SUMMARY

This article outlines the protein modules that target methylated lysine histone marks and 5mC DNA marks,
and the molecular principles underlying recognition. The article focuses on the structural basis underly-
ing readout of isolated marks by single reader molecules, as well as multivalent readout of multiple marks
by linked reader cassettes at the histone tail and nucleosome level. Additional topics addressed include
the role of histone mimics, cross talk between histone marks, technological developments at the genome-
wide level, advances using chemical biology approaches, the linkage between histone and DNA meth-
ylation, the role for regulatory IncRNAs, and the promise of chromatin-based therapeutic modalities.
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OVERVIEW

This article focuses on the readout of histone and DNA meth-
ylation posttranslational modifications (PTMs) and their im-
pact on chromatin structure and function. PTMs serve as
docking sites for protein reader modules containing attached
chromatin modifier and remodeling activities. The additional
activities can alter noncovalent contacts within and between
nucleosomes, thereby impacting on function. At a specific
genomic site, there can be distinct combinations of methyla-
tionand other PTMs. The multivalent (more than asingle mark)
readout of these PTMs impacts on many DNA-templated pro-
cesses ranging from gene transcription to DNA replication,
recombination, and repair. Dysregulation of the readout due
to mutated readers can result in aberrant gene expression pat-
terns and/or genomic alterations, facilitating the onset of dis-
ease. A new generation of epigenetic drugs is being developed
as a novel therapeutic approach to target these dysfunctions.

The article begins by introducing the landscape of histone
and DNA methylation marks and then categorizes the various
families of single and tandem reader modules that use an
aromatic cage capture mechanism for readout of methyllysine
(Kme) and methylarginine (Rme) marks. Next, the text high-
lights recent reader modules that target unmodified lysines
and arginine marks, as well as reader cassettes involved as
regulatory platforms for mediating functional output. The ar-
ticle also outlines the potential for cross talk between PTMs,
whereby the binding of a reader module to a particular
mark either sterically blocks an adjacent modification site
or facilitates recruitment of additional modules to modify
nearby residues. In addition, “histone mimics” are discussed

as a distinct set of nonhistone proteins that are methylation
targets, thereby expanding available methylated lysine recog-
nition principles beyond the boundaries of direct chromatin
regulation. The article next addresses DNA cytosine methy!-
ation (5mC) marks and their readout by 5mC-binding do-
mains (MBDs) and zinc-finger-containing modules with the
capacity to sequence specifically recognized 5mC-contain-
ing fully methylated CpG DNA sites. The article also high-
lights the contribution of 5mC-binding SRA (SET- and RING-
associated) domains required for the establishment and/or
maintenance of DNA methylation marks at hemimethyated
CpG DNA sites in both mammals and plants.

The article ends by highlighting new initiatives and ad-
vances, as well as future challenges that promise to enhance
our current mechanistic understanding of the readout of
histone and DNA methylation marks. These include tech-
nological developments at the genome-wide level, chemical
biology approaches to designer nucleosomes, and structural
approaches to histone mark readout at the nucleosomal level.
The article also outlines new developments related to readout
of oxidative 5mC DNA adducts, the functional role for reg-
ulatory noncoding RNAs in epigenetic regulation, and the
linkage between histone and DNA methylation. This article
addresses the consequences of dysregulation of methylated
lysine reader modules and long intergenic noncoding RNAs
on epigenetic pathways resulting in the onset of disease states
and outlines challenges toward identification and functional
characterization of small molecules site-specifically targeted
to aromatic-lined pockets involved in methyllysine readout.
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1 INTRODUCTION

The nucleosome core particle is composed of almost two
turns of a DNA superhelix amounting to 147 bp wrapped
around a compact histone octamer core containing four
subunits labeled H2A, H2B, H3, and H4 (Luger et al.
1997). Nuclesomes are packaged into progressively high-
er-order folds to ultimately form chromosomes. Project-
ing from the four histone cores are amino-terminal tails
that are subject to covalent posttranslational modifica-
tions (PTMs) (Allfrey et al. 1964), depositing marks such
as methylation, acetylation, phosphorylation, and ubiqui-
tination. Methylation of cytosines on DNA is also possible.
More recently, with the advent of advanced mass spectro-
scopic and antibody-based techniques, PTMs have also
been identified within the carboxy-terminal end of histone
tails and even within the globular central histone fold. In
addition, new covalent modifications have recently been
identified such as sumoylation, ADP-ribosylation, proline
isomerization, citrullination, and glycosylation (see Zhao
and Garcia 2014).

PTM marks are dynamic, being deposited and erased in
the time frame of minutes. The recognition of a mark by a
reader module that is part of a multidomain protein com-
plex facilitates the recruitment and tethering of enzymatic
activities intrinsic to other subunits to chromatin. Hence,
histone and DNA covalent PTMs provide a scaffold for the
assembly of activities that control the site- (e.g., lysine 4 of
H3) and state-specific (e.g., mono-, di-, or trimethylated)
readout of marks at the nucleosomal level. They also have
the capacity to modulate higher-order chromatin structure
and/or the ordered recruitment of nonhistone proteins and
enzymes critical for DNA remodeling activities. Thus,
PTMs serve as epigenetic information carriers that extend
the message beyond that encoded in the DNA sequence.
This capacity of chromatin to both store and transmit her-
itable information in the form of PTMs results in altered
histone—DNA interactions. This leads to dynamic changes
in chromatin-templated processes, including altered tran-
scription rates reflecting the accessibility of particular seg-
ments of DNA.

The advent of histone mark-specific ChIP-chip (chro-
matin immunoprecipitation with DNA microarray anal-
ysis) and ChIP-seq (chromatin immunoprecipitation
with next-generation sequence technology) has enabled
the characterization of histone marks at the genome-wide
level. This has provided unique insights into the distribu-
tion of marks to distinct segments of the genome. It has
also identified global correlations of specific marks with
downstream functional outcome. Genome-wide chroma-
tin organization studies performed by the modENCODE
consortium have, in addition, identified the linkage of
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PTMs with regulatory circuits at defined developmental
stages in model organisms.

The methylation of certain histone residues and cyto-
sine bases on the DNA are well-known and well-studied
instances of PTMs. This article focuses on the structural
aspects of how methylation mark readers interact with
methylation marks, the functional consequence of these
interactions, and how cross talk occurs with other histone
PTMs.

1.1 Lysine and Arginine Methylation
of Histone Tails

Lysine methylation is unique among known PTMs be-
cause of its relative stability, its multivalency (i.e., existence
in the mono-, di-, and trivalent state), and its potential to
engage in cross talk with other modifications. The hydro-
phobicity of lysine is increased on methylation with no net
change in charge. This contrasts with the change in charge
that occurs on lysine acetylation or serine phosphoryla-
tion.

The major lysine (K) methylation sites on histone H3
are at positions K4, K9, K27, K36, and K79 (Fig. 1A), to-
gether with a single site on H4 at K20 and one on H1 at K26.
Of'these, H3K4, H3K36, and H3K79 methylation marks are
linked to the activation of transcription, whereas H3K9,
H3K27, and H4K20 methylation marks are linked to tran-
scriptional repression (Fig. 1A). Some sites such as H3K9
and H3K27 are embedded within a common A-R-K-S se-
quence context (Fig. 1B). Each site-specific mark is written
by a specific enzyme classed as a histone lysine (K) meth-
yltransferase, or KMT, and erased by other enzymes called
histone lysine demethylases or KDMs. The catalytic activity
of each writer and eraser enzyme is substrate specific—that
is, effective on an individual or set of methylation states,
such as mono-, di-, or trimethylated lysines (reviewed in
Black et al. 2012; Greer and Shi 2012). Enrichment of par-
ticular lysine marks can be found at specific regions along
the genome.

The major arginine (R) methylation sites are at R2, RS,
R17, and R26 on histone H3 (Fig. 1A), at R3 on H4, and at
R11 and R29 on H2A. The marks are written by protein
arginine methyltransferase (PRMT) enzymes and erased by
deiminases as a function of methylation state (mono-, sym-
metrical di-, and asymmetrical dimethylated arginines)
context.

It has been proposed that multivalent readout of meth-
ylation together with other marks (e.g., acetylation, phos-
phorylation, ubiquitination) by reader modules regulates
the transcriptional outcome. This occurs by directing the
activity of chromatin-remodeling complexes (discussed in
Becker and Workman 2013) in a precisely controlled man-
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Figure 1. Sequence of H3 tail and distribution of PTMs. (A) Sequence of H3 tail and positioning of methyllysine
(Kme) and methylarginine (Rme) marks. (B) Positioning of adjacent marks within the H3 tail at R2-T3-K4, A7-R8-
K9-S10, and A25-R26-K27-S28 segments. Kme marks are partitioned between those that are activating and those

that are repressive.

ner according to the developmental stage and physiological
state of cells, with transcription rates also susceptible to
external stimuli (reviewed in Strahl and Allis 2000; Jenu-
wein and Allis 2001; Gardner et al. 2011). Meaningful var-
iation in the chromatin polymer can also result from
exchange of primary sequence histone variants such as
H2A.Z in place of H2A or H3.3 instead of H3.1/2 (see
Henikoff and Smith 2014).

The binding pockets of reader modules recognize his-
tone methylation marks in a sequence- and state-specific
manner. The architecture of these binding pockets and
principles of molecular recognition are of fundamental
importance to our understanding of chromatin function.
A salient question is whether recognition can occur by
processes beyond the first identified mode involving aro-
matic cage capture of the methylated lysine side chain
discussed in Section 2.1 and reviewed in Taverna et al.
(2007). There is also interest as to whether known methyl-
lysine-binding pockets can be engineered to recognize and
distinguish between distinct (mono-, di-, and tri-) lysine
methylation states.

An increasing number of human diseases ranging from
autoimmune disorders to cancer are associated with aber-
rant writers, readers, and erasers of histone methylation
marks (reviewed in Chi et al. 2010; Dawson and Kouzarides
2012). Research has revealed that many mutations in these
molecules have affected the function of these epigenetic
regulators and often entire chromatin-remodeling com-
plexes. This has led to research looking for viable epigenetic
therapies, including the identification of small molecules

that selectively target Kme-binding pockets on reader
modules.

There have been several excellent reviews covering ear-
lier structure—function research on the readout of histone
marks (Kouzarides 2007; Kouzarides and Berger 2007;
Ruthenburg et al. 2007a,b; Taverna et al. 2007; see also
more recent reviews by Yap and Zhou 2010; Bannister
and Kouzarides 2011; Khorasanizadeh 2011; Musselman
et al. 2012b). In this article, we provide a comprehensive
up-to-date (until the end of December 2012) structural
overview on the readout of histone methylation marks
and place these results in a functional context. In compan-
ion articles, a structure—function perspective is given on
writers and erasers of histone lysine methylation marks
(Cheng 2014) and on writers, readers, and erasers of his-
tone lysine acetylation marks (Marmorstein and Zhou
2014; Seto and Yoshida 2014).

1.2 Cytosine Methylation in DNA

Methylation of cytosines at CpG sites along the mammalian
genomes constitutes an ancient evolutionary epigenetic
mark. It operates as an epigenetic regulatory mark predom-
inantly in mammals and plants (the latter of which is dis-
cussed in Pikaard and Mittelsten Scheid 2014), although
Neurospora and Drosophila contain this chromatin mark
to a more limited extent. This epigenetic modification in
mammals is associated with gene silencing and contributes
to chromatin structure and genome stability (reviewed in Li
and Bird 2007; Jones and Liang 2009; Law and Jacobsen
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2010). The methyl mark is deposited at the 5-position of
cytosines (5mC) in CpG steps by the de novo DNA meth-
yltransferases, DNMT3A and DNMT3B, together with reg-
ulator DNMT3L, during embryonic development. The
mark is faithfully maintained during multiple cell divisions
by DNMTI, the maintenance DNA methyltransferase,
thereby establishing a form of cellular memory through
epigenetic marking of the genome (illustrated in Fig. 2 of
Li and Zhang 2014). The importance of DNA methylation
is highlighted by the fact that targeted disruption of DNA
methyltransferases results in lethality. Mechanistically, gene
expression profiles can be altered by DNA methylation as a
consequence of influencing the binding affinities of tran-
scription factors. Alternatively, transcriptional silencing re-
sults from 5mC binding proteins recruiting repressor
complexes to methylated promoter segments. Thus, DNA
methylation plays a critical role in the establishment and
maintenance of tissue-specific gene expression patterns at
distinct stages of development. Critical developmental pro-
cesses such as X-inactivation, monoallelic expression of
imprinted genes, and suppression of transposable elements
and proviral genomes use DNA methylation as a compo-
nent of complex regulatory networks (further discussed in
Barlow and Bartolomei 2014; Brockdorff and Turner 2014;
Pikaard and Mittelsten Scheid 2014).

Greater than 70% of CpG sites are methylated in the
DNA of somatic tissues, but they are asymmetrically dis-
tributed along the genome within both CpG-rich and
-poor regions. Pericentric heterochromatin, for example,
is hypermethylated, yet overall CpG-poor. The global
DNA methylation of such inaccessible heterochromatic re-
gions requires the participation of SWI/SNF-like chroma-
tin-remodeling proteins to allow DNA methyltransferase
access. CpG islands, in contrast, are hypomethylated and
immune to otherwise global DNA methylation. CpG is-
lands are short CpG-rich sequences of ~1 kb in length,
making up <1% of genomic DNA, and mark the promot-
ers and 5" end of genes. Improved genome-scale mapping
has provided more detailed insights into the distribution of
DNA methylation patterns at transcription start sites, gene
bodies, regulatory elements, and repeat sequences, with a
relationship emerging between DNA methylation and tran-
scription repression (see Li and Zhang 2014; also reviewed
in Jones 2012). DNA methylation is a dynamic mark, which
is mostly deposited, removed, and reestablished during
early mammalian development.

A growing number of human diseases ranging from
imprinting disorders (e.g., Beckwith—Wiedemann, Pra-
der—Willi, and Angelman syndromes) to repeat-instability
diseases (e.g., fragile X syndrome and facioscapulohumer-
al muscular dystrophy) and cancer are associated with
aberrant DNA methylation (as discussed in Robertson
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2005; Baylin and Jones 2011, 2014; Zoghbi and Beaudet
2014). This may involve the improper establishment or
maintenance of methylation, resulting in the alteration of
chromatin states and/or nucleosome positioning (re-
viewed in Baylin and Jones 2011). Another feature of
DNA methylation patterns that may be occasionally causal
to disease is the susceptibility of 5mC to spontaneously
deaminate to thymine. This instability at CpG sites is re-
flected by the fact that a third of point mutations are C-to-T
transitions at CpG sequences, and explains the fivefold
underrepresentation of CpG steps in mammalian genomes
generated over evolutionary time. Mutations in compo-
nents of the DNA methylation machinery can also lead to
disease, such as the documented mutations in DNMT3B
leading to immune deficiency and blood cancers, whereas
mutations in MeCP2, a 5mCpG-binding protein, cause
Rett syndrome, a severe neurological disorder.

Li and Zhang (2014), as well as several excellent re-
views, cover the topic of genomic DNA methylation, its
establishment and maintenance (reviewed in Klose and
Bird 2006; Jones and Liang 2009; Law and Jacobsen
2010). In this article, we provide a comprehensive up-to-
date (until the end of December 2012) structural overview
on the readout of 5mCpG marks, placing these results in a
functional context.

2 READOUT OF Kme MARKS BY PHD FINGER
AND BAH MODULES

We start our description of reader modules targeting meth-
ylated lysine marks by focusing on PHD (plant homeodo-
main) fingers and BAH (bromo-adjacent homology)
domains. The PHD finger is a very common module found
among chromatin remodelers and is often positioned ad-
jacent to other reader modules. Although it was initially
thought to partake in protein—protein and protein-lipid
interactions, in 2006, structure—function studies showed
that PHD fingers are readers of methylated lysine marks
on histone tails. This promoted a more structure-based
perspective in the field of epigenetic regulation. The PHD
reader often participates in multivalent readout (i.e., read-
out of combinations of histone PTMs with other reader
modules) at the nucleosome level as elaborated in Sections
9.1and 10.1. The BAH domain was also initially thought to
be a protein—protein interaction module until it, too, was
shown to be a reader of methylated lysine marks on histone
tails in 2012. Both PHD finger and BAH domains are of
great interest given that reports on their dysfunction results
in the onset of disease, such as Meier—Gorlin primordial
dwarfism syndrome in the case of specific mutants in the
BAH domain of the ORCI (origin of replication 1 protein)
protein.
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2.1 PHD Finger Domains

Lysine methylation of histone tails constitutes a key com-
ponent of an epigenetic indexing system, demarcating
the transcriptional activity of chromatin domains. The
H3K4me3 mark, in particular, is associated with nucleo-
somes near the promoters and the 5-ends of highly tran-
scribed genes (Santos-Rosa et al. 2002; Bernstein et al.
2006). BPTF is a protein named after its two reader mod-
ules: bromodomain and PHD domain transcription factor.
Functional studies of the PHD finger established its role in
nucleosome remodeling factor (NURF) complex-mediated
ATP-dependent chromatin remodeling, directly coupling
the complex to H3K4me3 so as to maintain HOX gene
expression patterns during development (Wysocka et al.
2006).

The PHD finger (50—80 residues) (reviewed in Bienz
2006) has limited secondary structure (a two-stranded {3-
sheet and a short a-helix) wherein cross-brace topology is
stabilized by two zinc ions coordinated to a Cys,-His-Cyss-
containing segment (Pascual et al. 2000). Simultaneous
structure—function studies on the PHD fingers of BPTF
(Li et al. 2006; Wysocka et al. 2006), ING2 (inhibitor of
growth 2) (Pena et al. 2006; Shi et al. 2006), and YNG1
(Taverna et al. 2006) bound to higher methylated lysine
states of H3K4 revealed the principles of molecular recog-
nition occurring in a sequence and methylation-state-spe-
cific manner (reviewed in Ruthenburg et al. 2007a; Taverna
et al. 2007). We focus below on the BPTF system because
this PHD finger is part of a PHD finger-bromodomain
cassette discussed at greater length in Sections 9 and 10,
and because structure—function studies were undertaken
both at the peptide (reviewed in Ruthenburg et al. 2007a)
and nucleosomal (Ruthenburg et al. 2011) levels.

Unbiased pull-down assays using nuclear extracts ini-
tially identified the second PHD finger of BPTF as a specific
reader of the H3K4me3 mark (Wysocka et al. 2006). This
PHD finger bound to higher methylation states of H3K4
that are linked to transcriptional activation with dissocia-
tion constants (Ky) of 2.7 um for H3K4me3- and 5.0 um
for H3K4me2-containing peptides, while discriminating
against monomethylated (mel) and unmodified (me0)
counterparts. The observed intermediate range (i.e., juM;
high range, nm; and low range, mm) of dissociation con-
stants reflects the required balance between binding and
dissociation of these marks by reader and eraser modules
during epigenetic regulation. The structure of the H3(1-
15)K4me3 peptide bound to the BPTF PHD finger solved
by both X ray (Fig. 2A) and nuclear magnetic resonance
(NMR) analysis showed that the histone peptide adopts a
-conformation paired with the 3-sheet of the PHD finger
to form a three-stranded, antiparallel 3-sheet stabilized by

backbone intermolecular hydrogen bonds (Fig. 2B) on the
surface of the PHD finger on complex formation (Li et al.
2006). The sequence specificity for H3K4me3 involves rec-
ognition of the amino terminus, the R2 side chain, and the
K4me3 mark in the complex. This distinguishes the H3 A1-
R2-T3-K4me3 sequence segment from other Kme marks
such as H3K9 and H3K27 embedded within an A-R-Kme3-
S sequence context (Fig. 1B), and H3K36 and H4K20. The
K4me3 is positioned in a preformed pocket composed of
four aromatic residues, referred to as an “aromatic cage”
and stabilized by electrostatic cation—m (Ma and Dough-
erty 1997) and hydrophobic interactions (Fig. 2A,C). The
long side chains of R2 and K4me3 are positioned in adja-
cent preformed “surface groove” recognition pockets sep-
arated by the indole group of an invariant Trp residue (Fig.
2D), with this stapling role contributing to the specificity of
H3K4me3 recognition. The guanidinium group of Arg2 is
restrained by the formation of intermolecular hydrogen
bonds between backbone carbonyls and an acidic side
chain, whereas amino-terminal recognition (through hy-
drogen-bonding to a backbone carbonyl) is also important
for complex formation (Fig. 2B), reflected by the discrim-
ination against peptides with amino-terminal extensions.
The binding affinity decreases dramatically on mutation
of the aromatic cage residues, especially of the Trp residue
separating R2 and K4me3, consistent with developmental
defects associated with this mutation (Wysocka et al. 2006).
The observed modest preference for H3K4me3 (K4 of
2.7 uM) over H3K4me2 (Ky of 5 M) can be reversed
following replacement of one of the cage-lining aromatic
amino acids by a Glu, thereby facilitating formation of a
hydrogen bond between the dimethylammonium proton
of Kme2 and the carboxylate of the Glu side chain (Fig. 2E)
(Li et al. 2007a). The above structural results provide an
explanation for why global loss of H3K4me3 results in the
loss of chromatin association of BPTF (Wysocka et al.
2006).

Structure—function studies on additional PHD fingers
have highlighted the plasticity (i.e., aromatic cages formed
by both aromatic and nonaromatic amino acids) in their
recognition of methylated lysine marks on histone tails
(reviewed in Musselman and Kutateladze 2011; Sanchez
and Zhou 2011). Thus, parallel structure—function stud-
ies on the PHD finger of ING2, a native subunit of the
repressive mSin3a-HDACI1 histone deacetylase complex,
explained why, in response to DNA damage, recognition
of H3K4me3 by the PHD finger of ING2 stabilizes the
mSin3a-HDAC1 complex at the promoters of proliferation
genes (Pena et al. 2006; Shi et al. 2006). In the ING2 com-
plex, the aromatic cage is composed of a Trp and a Tyr, with
a Met side chain contributing to pocket formation. Disrup-
tion of binding interactions in the H3K4me3-ING2 PHD
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PHD (BPTF)

K4me2
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Figure 2. Structure of BPTF PHD finger bound to H3K4me3-containing peptide. (A) 2.0-A crystal structure of the
complex of the BPTF PHD finger bound to H3(1-15)K4me3 peptide (PDB: 2F6]). The PHD finger (as part of a PHD
finger-bromo cassette) in a ribbon representation is in green, with two stabilizing bound Zn ions in silver balls. The
bound peptide from A1 to T6 is shown in yellow with the trimethyl group of Kme3 shown by dotted balls in magenta.
The residues forming the aromatic-lined cage are colored in orange. (B) Details showing the antiparallel alignment
of the B-strands of the bound H3K4me3-containing peptide and PHD finger, resulting in formation of an anti-
parallel B-pleated sheet on complex formation. Note that the positively charged amino terminus is anchored in its
own pocket. (C) Positioning of the K4me3 group within the aromatic-lined cage in the complex. (D) Positioning of
R2 and K4me3 side chains in adjacent open surface pockets (surface groove mode), separated by the indole ring of an
invariant Trp in the complex. The PHD finger and peptide are shown in surface- and space-filling representations,
respectively. (E) Positioning of the K4me2 group into an engineered pocket, containing a Glu residue replacing the

Tyr residue in C (PDB: 2RI]J).

finger complex impacts on function, impairing the ability
of ING2 to induce apoptosis in vivo (Pena et al. 2006).

In another important structure—function study, the
PHD finger of RAG2, an essential component of the
RAG1/2V(D)] recombinase, that mediates antigen-recep-
tor gene assembly (explained in Sec. 4 of the Busslinger and
Tarakhovsky 2014) couples H3K4me3 readout with V(D)J
recombination (Matthews et al. 2007; Ramon-Maiques
et al. 2007). The investigators solved the structure of the
RAG2 PHD finger bound to H3K4me3, evaluated the im-
pact of Arg2 methylation, and then showed that mutations
that abrogate intermolecular recognition severely impact
on V(D)J recombination in vivo, as does depletion of the
H3K4me3 mark. Interestingly, the Trp residue that is brack-
eted by the side chains of Arg2 and K4me3 in the RAG2
PHD finger-H3K4me3 peptide complex was found to be
mutated in patients with immunodeficiency syndromes,
highlighting the concept that disruption of the readout of
a Kme mark can be the causal factor underpinning an
inherited human disease (Matthews et al. 2007).

Histone mark dysregulation by PHD reader modules
can impact on human cancers as reflected by the impact
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of somatic mutations in ING (inhibitor of growth) PHD
fingers on solid tumors (reviewed in Chi et al. 2010).

2.2 BAH Domains

BAH domains are protein folds associated with epigenetic
inheritance and gene regulation processes, having been
identified in mammalian ORC1, MTA1 (a subunit of
NuRD, a histone deacetylase and nucleosome remodeling
complex), Ashl (a SET domain-containing H3K36 meth-
yltransferase), and the Saccharomyces cerevisiae Sir3 protein
(part of the Sir2-Sir3-Sir4 complex required for silencing at
the yeast mating-type loci). Tandem BAH domain pairs
have been found in DNMT1 (the mammalian maintenance
DNA methyltransferase) and the budding yeast RSC (a
chromatin-remodeling complex) (reviewed in Callebaut
etal. 1999; Goodwin and Nicolas 2001; Yang and Xu 2012).

The BAH domain adopts a conserved 3-sheet core from
which emerge loop and short helical segments shown in the
structural determination of yeast ORC1p (Fig. 3A) (Zhang
et al. 2002). The BAH domain (approximately 130 resi-
dues) was initially thought of as solely a protein—protein
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BAH-MTase-chromo (ZMET2)

Figure 3. Structures of BAH domains of mammalian ORC1 and plant ZMET2 bound to methylated lysine histone
peptides. (A) 1.95-A crystal structure of the complex of mouse ORC1 BAH domain bound to H4(14-25)K20me2
peptide (PDB: 4DOW). The bound K20me2-containing H4 peptide can be traced from G14 to R23. (B) Enlarge-
ment of (A) showing details of the alignment of the K20me2-containing H4 peptide from G14 to R23 positioned on
the mouse ORC1 BAH domain in the complex. The dimethylammonium group of H4K20 inserts into an aromatic-
lined pocket in the BAH domain. (C) 2.7-A crystal structure of the complex of maize ZMET2 BAH domain bound to
H3(1-32)K9me2 peptide (PDB: 4FT4). The chromodomain, methyltransferase, and BAH domains are colored in
pink, blue, and green, respectively. The bound K9me2-containing H3 peptide in yellow can be traced from Q5 to
T11. (D) Enlargement showing details of the alignment of the K9me2-containing H3 peptide from Q5 to T11
positioned on the maize ZMET2 BAH domain in the complex. The dimethylammonium group of H3K9me?2 inserts

into an aromatic-lined pocket in the BAH domain.

interaction module of unknown function. The recent dem-
onstration that BAH domains recognize methylated lysine
as constituents of the mammalian ORC1 (Kuo et al. 2012)
and Arabidopsis thaliana CMT3 (ZMET2 in maize) (Du
etal. 2012) proteins at the peptide level, as well as recogni-
tion of unmodified mononucleosomes by yeast Sir3 (Arm-
ache et al. 2011), has now brought prominent attention to
this reader module. The BAH domain is often flanked by
reader modules of other histone marks, such as bromo and
PHD domains, suggesting the potential for combinatorial
readout (reviewed in Ruthenburg et al. 2007b).

A major advance in our understanding of the function
of the BAH domain emerged following structure—function
studies demonstrating that the mammalian ORC1 protein
is a reader of the H4K20me2 mark, a property shared with
diverse metazoans, but not the yeast ORCI1 proteins (Kuo
et al. 2012). Mammalian ORC1 constitutes the largest sub-
unit of ORC (origin of replication complex) and it is the
only ORC subunit of the six-subunit complex that contains
a BAH domain. ORC1, which mediates pre-DNA replica-
tion licensing (Duncker et al. 2009), contributes both to
ORC complex association and regulation of origin activity.
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The structure of the ORC1 BAH domain bound to the
H4K20me2 peptide (Fig. 3A) showed that the side chain
of K20me?2 inserts into an aromatic-lined cage (surface-
groove recognition) within the BAH domain of ORCI,
with the dimethylammonium group hydrogen-bonded to
a Glu side chain and stabilized by hydrophobic and cation—
7 interactions (Fig. 3B). The side chains of Trp and Glu
pocket-forming residues undergo conformational changes,
thereby generating a fully walled aromatic cage pocket on
complex formation. Mutation of the ORC1 BAH domain
aromatic cage residues impairs ORC1 occupancy at repli-
cation origins, ORC chromatin loading, and cell-cycle pro-
gression (Kuo et al. 2012). The Meier—Gorlin syndrome, a
form of primordial dwarfism (Klingseisen and Jackson
2011), has been linked to mutations in the ORC1 BAH
domain (Bicknell et al. 2011). In fact, phenotypic rescue
of growth retardation in orc1-depleted zebrafish morphants
using wild-type, but not H4K20me2-binding mutants con-
firmed the central role the ORC1 BAH domain in this
syndrome (Kuo et al. 2012). The above study thus identi-
fied the first direct link between histone methylation and
the metazoan DNA replication machinery and linked the
canonical histone H4K20me2 mark recognized by ORC1
with a primordial dwarfism syndrome.

More recently, studies have shown that the mammalian
ORC1 BAH domain has several protein—protein interact-
ing surfaces. Thus, in addition to the aromatic cage seg-
ment involved in H4K20me2 interaction, the BAH domain
interacts with the protein kinase Cyclin E-CDK2 to inhibit
the kinase activity involved in centrosome duplication
(Hossain and Stillman 2012). The Meier—Gorlin syndrome
mutants located within the BAH domain of ORCI atten-
uated this inhibition activity. A mechanistic understanding
of the inhibition characteristics of the kinase activity could
emerge following attempts at structure determination of
the complex between interacting partners.

The yeast ORC1 BAH domains are involved in the tran-
scriptional silencing of the HM mating-type loci in bud-
ding yeast, which is an epigenetically regulated process (see
Fig. 5 of Grunstein and Gasser 2013). Structural studies of
Sirl (silencing information regulator 1) bound to the BAH
domain of Orcl revealed that the ORC1 BAH domain used
a surface distinct from its aromatic cage-binding face to
target Sirl (Hou et al. 2005; Hsu et al. 2005), which con-
trasts with the mode of binding of higher eukaryotic ORCI
proteins.

In a groundbreaking study, structural details of the
complex between the yeast Sir3 BAH domain (containing
hypermorphic D205N mutant) bound to a nucleosome
core particle (NCP) have emerged (Armache et al. 2011).
Sir3 is part of the distinct Sir2-3-4 silent chromatin-form-
ing structure used in S. cerevisiae, which contrasts with the
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more widely used H3K9me-HP1 rich heterochromatin
found in higher eukaryotes. The Sir3-NCP structure is dis-
cussed briefly so as to highlight key features of the recog-
nition process. Two Sir3 molecules are bound on either side
of the pseudosymmetric NCP surface, contacting all four
core histones on complex formation (schematically illus-
trated in Fig. 5 of Grunstein and Gasser 2013). The complex
is formed through a broad contiguous interaction between
a surface on the NCP and a complementary surface on the
BAH domain of Sir3 that is critical for transcriptional si-
lencing. Complex formation results in the structural rear-
rangement of disordered segments on both the BAH
domain and the nucleosome. The specific intermolecular
contacts readily explain the numerous genetic mutations
identified previously, as well as regulation of the silencing
complex by modifications of H3K79 and H4K16 positions.

Tandem BAH domains in the structure of DNMT]1 are
separated by an a-helix, thereby ensuring a fixed separation
and relative orientation between domains (Song et al.
2011). The DNMT1 BAHI1 domain notably contains an
aromatic cage along the same surface as mammalian
ORC]1. The BAH2 domain, however, lacks such an aromatic
cage, but instead projects a very long loop, which interacts
at its tip with the TRD (target recognition domain) of the
methyltransferase domain, thereby holding the TRD in a
retracted position away from the DNA in its complex with
unmethylated DNA (illustrated in Fig. 6 of Cheng 2014)
and facilitating the formation of an autoinhibitory confor-
mation. Importantly, both BAH1 and -2 of DNMT1 show
large accessible surfaces available for further recognition,
potentially with histone tails of nucleosomes and/or other
interacting protein partners.

A novel example of recognition of methylated lysine
histone marks by dual domains was highlighted in struc-
ture—function studies of the plant CMT3 protein (chro-
momethylase 3; ZMET?2 in maize) (Du et al. 2012). CMT3
is a plant-specific DNA methyltransferase that methylates
CpHpG (H stands for C, T, or G) sites in an H3K9me2-
dependent manner (discussed in Sec. 2.1 of Pikaard and
Mittelsten Scheid 2014). CMT?3 is composed of an amino-
terminal BAH domain and a DNA methyltransferase do-
main, which has a chromodomain (for chromatin organi-
zation modifier) embedded within it. The structure of
ZMET?2 shows that the chromodomain and BAH domain
are positioned at the corners of a triangular architecture,
both binding H3K9me2-containing peptides through aro-
matic cage capture of the K9me?2 side chain. The structure
of the H3K9me2 peptide bound with directionality to
the BAH domain of ZMET?2 is shown in Fig. 3C, with
details of the intermolecular interactions shown in Fig.
3D. Functional studies established a perfect correlation
along the genome between methylated H3K9 and CMT3,
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and also showed that CMT3 is stably associated with
H3K9me2-containing nucleosomes. Triple mutations of
aromatic cage residues from the BAH domain or chromo-
domain disrupt CMT3 binding to nucleosomes and show
a complete loss of CMT3 activity in vivo (Du et al. 2012).
These studies definitively establish that DNA methyla-
tion in plants is directed by dual binding of the CMT3
BAH domain and chromodomain to H3K9me2-contain-
ing nucleosomes.

3 READOUT OF METHYLLYSINE MARKS BY SINGLE
“ROYAL FAMILY” MODULES

The “Royal Family” of reader modules include the chromo,
Tudor, PWWP (named after the conserved Pro-Trp-Trp-
Pro motif ), and MBT (malignant brain tumor) repeat do-
mains (reviewed in Maurer-Stroh et al. 2003). Structural
studies of these readers were among the first to elucidate the
molecular principles behind methylated lysine recognition.
In this section, we outline results on the structural princi-
ples by which single domains recognize lysine methylation
marks and, in the next section, we look at tandem domains
of the Royal Family.

3.1 Chromodomains

Structural studies of the chromodomains of HP1 (hetero-
chromatin-associated protein 1) and Polycomb provided
the first insights into how the aromatic cage pockets (illus-
trated in orange stick representation form in Fig. 4A) create

Chromo (HP1)

Chromo (MSL3)

a structural framework for methylated lysine recognition
(reviewed in Yap and Zhou 2011). These proteins are known
repressors that contribute to epigenetic silencing. More spe-
cifically, HP1 is a chromatin-associated protein first discov-
ered in Drosophila and hallmark of condensed and highly
repetitive heterochromatin (elaborated in Elgin and Reuter
2013). Polycomb is another protein originally characterized
in Drosophila shown to direct heritable changes in chroma-
tin organization (see Grossniklaus and Paro 2014).

Before structural studies, in situ immunofluorescence
showed that H3K9me marks and HP1 colocalized to hetero-
chromatic regions of Drosophila polytene chromosomes (il-
lustrated in Figs. 3 and 4 of Elgin and Reuter 2013; also see
Jacobsetal.2001). Next, X-rayand NMR studies (Jacobsand
Khorasanizadeh 2002; Nielsen et al. 2002) independently
corroborated the fact that the H3K9me3 mark was recog-
nized by the HP1 chromodomain. We focus below on X-ray
structural studies of the complex (Fig. 4A) that form with a
Ky = 2.5 p, illustrative of an intermediate affinity inter-
action. The H3 tail in an extended B-strand conformation
(residues 5—10) binds to one face of the incomplete (3-barrel
architecture of HP1, where it aligns between (-strands of
HP1 through an antiparallel-aligned-induced -sandwich
alignment. The K9me3 side chain inserts into a pocket lined
by three conserved aromatic amino acids (i.e., the so-called
aromatic cage pocket), where it is stabilized by cation—m
interactions. The complex is stabilized by intermolecular
contacts involving the ARKS (Ala-Arg-Lys-Ser) motif (Fig.
1), associated with two amino acids preceding and one
following the K9me3 mark, providing a sequence context

S31

Tudor (PHF1)

PWWP (Brf1)

Figure 4. Structures of single Royal Family modules bound to methylated lysine histone peptides. (A) 2.4-A crystal
structure of the complex containing an HP1 chromodomain bound to H3(1-15)K9me3 peptide (PDB: 1IKNE). The
bound K9me3-containing H3 peptide can be traced from Q5 to S10. The HP1 residues in orange illustrate the
aromatic cage that captures K9me3. (B) 2.35-A crystal structure of the complex between the male-specific lethal
(MSL)3 chromodomain bound to a H4(9-31)K20mel peptide in the presence of duplex DNA (in surface repre-
sentation) (PDB: 30A6). The bound K20mel-containing H4 peptide can be traced from H18 to L22. (C) 1.85-A
crystal structure of the complex containing the PHF1 (a Polycomb-like protein) Tudor domain bound to H3(31-
40)K36me3 peptide (PDB: 4HCZ). The bound K36me3-containing H3 peptide can be traced from S31 to R40. (D)
1.5-A crystal structure of the complex of Brfl PWWP domain bound to H3(22-42)K36me3 peptide complex (PDB:
2X4W). The bound K36me3-containing H3 peptide can be traced from S28 to R40.
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for the readout of the H3K9me3 mark. Mutation of the
conserved aromatic amino acids lining the cage of HP1
results in a substantial loss of binding affinity (approxi-
mately 20-fold), as does mutation of Ala7 and Arg8 on
the H3 peptide, with a smaller loss (threefold) observed
on mutation of Ser10 (Jacobs and Khorasanizadeh 2002).

Subsequent structural studies showed that cage-capture
of higher methylation groups (i.e., Kme3/2) was also
observed for other chromodomains. Notably, this was
shown for the chromodomain of Polycomb bound to an
H3K27me3 peptide (Min et al. 2003), CHDI1 bound to
H3K4me2/3 peptides (Sims et al. 2005), MGR15 bound
to an H3K36me2 peptide (Zhang et al. 2006), Eaf3 bound
to an H3K36me3 peptide (Sun et al. 2008; Xu et al. 2008),
and Chpl bound to an H3K9me3 peptide (Schalch et al.
2009). This reinforces the principle that sequences flanking
the Kme3/2 mark must determine the specificity of recog-
nition by chromodomains (reviewed in Brehm et al. 2004;
Yap and Zhou 2010).

A recent structural study has taken our understanding of
chromodomains to a new level; the MSL3 chromodomain
can target the lower lysine methylation mark H4K20mel
only in the presence of DNA (Kim et al. 2010). This unex-
pected corecognition was specific for GA-rich DNA, with
binding greater by two orders of magnitude over RNA.
MSL3 is a subunit of the male-specific lethal (MSL) com-
plex, which is necessary for dosage compensation on Dro-
sophila male X chromosomes (the topic of Lucchesi and
Kuroda 2014). A preassembled complex contains the
MSL3 chromodomain and DNA bound to H4K20mel pep-
tide with a K4 = 15 M, with discrimination against un-
modified and trimethylation states on H4K20. The crystal
structure of this ternary complex is shown in Fig. 4B, with
the chromodomain targeting the DNA minor groove and
the K20mel inserting into an adjacently positioned cage
lined by four aromatic amino acids. Interestingly, the active
H4K16ac mark antagonizes the DNA-mediated recogni-
tion of H4K20mel by MSL3, suggesting that regulation of
the MSL complex may be controlled by the readout of
closely positioned marks. The investigators speculate that
corecognition of the H4K20me1l mark and the DNA of two
adjacent nucleosomes could contribute to the in vivo tar-
geting of the MSL complex (Kim et al. 2010).

3.2 Tudor Domains

Polycomb group proteins are repressive chromatin modi-
fiers essential for metazoan development, cellular differen-
tiation, and the maintenance of cell fate. The Tudor fold, a
domain within Polycomb, consists of a 3-sheet core against
which are packed one or more helical segments (Selenko
etal. 2001). No fewer than four groups have recently under-
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taken functional studies of human Polycomb-like proteins
PHF1 and PHF19, including the structural characterization
of complex formation between its amino-terminal Tudor
domain and H3K36me3-containing peptide (Ballare et al.
2012; Brien et al. 2012; Musselman et al. 2012a; Cai et al.
2013). X-ray and NMR studies of complex formation show
that the H3K36me3 peptide in an extended conformation
targets the five-stranded 3-barrel of the Tudor domain (Fig.
4C). The trimethylammonium group of K36me3 inserts
into an aromatic-lined pocket, whereas the flanking side
chains of the peptide interact with a hydrophobic patch
(bound by Pro38-His39 segment) and a shallow acidic
groove (bound by Thr32-Gly33-Gly34 segment). Func-
tionally, recognition of the H3K36me3 mark by poly-
comb-like proteins promotes the intrusion of Polycomb
repressive complex 2 (PRC2) into active chromatin regions
to then promote gene silencing, thereby impacting on the
chromatin landscape during development.

3.3 PWWP Domains

The PWWP domain (containing a highly conserved Pro-
Trp-Trp-Pro motif ) along with chromodomain, MBT, and
Tudor domains, belongs to the Royal Family of proteins
that have the potential to recognize methylated lysine
marks using an aromatic cage capture mechanism. It has
been observed in many chromatin-associated proteins, of-
ten in combination with other domains such as SET mod-
ules, which are known writers of lysine methylation marks.
PWWP-containing proteins are involved in diverse func-
tions including transcriptional regulation, DNA repair, and
DNA methylation (reviewed in Slater et al. 2003). The
PWWP fold, as first determined by structural studies of
the de novo methyltransferase DNMT3B, consists of a
five-stranded B-barrel followed by an a-helical bundle
with one of the a-helices packing against the B-barrel to
generate a single structural motif (Qiu et al. 2002).

A recent structure of the PWWP domain of the Brfl
(bromodomain and plant homeodomain finger 1) protein
bound to an H3K36me3 peptide (weak affinity of K4 =
2.7 mMm) has validated the PWWP domain as a reader of
methylated lysine marks (Fig. 4D) (Vezzoli et al. 2010). The
peptide is positioned with directionality on a narrow sur-
face groove with the K36me3 side chain positioned in an
aromatic cage. Binding is abolished on mutation of any of
the three conserved aromatic residues. The Brfl protein
associates specifically with the H3K36me3 mark and dis-
criminates against other Kme3 marks on H3 and H4, in
part, because of its ability to site-specifically accommodate
Gly residues at positions 33 and 34. Functional studies
in vivo indicate that Brfl localizes to actively transcribed
Hox genes, in which its enrichment parallels that of the
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H3K36me3 mark (Vezzoli et al. 2010). It should be noted
that the binding of methylated lysine peptides to the chro-
modomain and the PWWP domain use different surfaces
of the 3-barrel for recognition.

4 READOUT OF METHYLLYSINE MARKS
BY TANDEM ROYAL FAMILY MODULES

In this section, we outline how tandem reader modules of
the Royal Family are involved in the recognition of Kme
marks. These examples highlight the diversity of the recog-
nition process between tandem chromo, tandem Tudor,
and MBTrepeats, and also within the tandem Tudor family.

4.1 Tandem Chromodomains

Proteins have been identified with tandem chromodo-
mains. CHD (chromo-ATPase/helicase-DNA-binding) is
one such protein that is involved in regulating ATP-depen-
dent nucleosome assembly and mobilization at sites of
transcription activity. It contains amino-terminal tandem
chromodomains that target the H3K4me3 mark with a
K4 = 5 pM. The structures of the human CHD1 tandem
chromodomains have been solved both in the free state and
bound to H3K4m3-containing peptides (Flanagan et al.
2005). Both chromodomains (1 and 2) adopt canonical
chromodomain folds with a rigid helix-turn-helix motif
connecting them such that the tandem chromodomains
are juxtaposed together to form a continuous surface.
One H3K4me3 peptide binds per CHD1 with the H3 pep-
tide backbone positioned within an acidic surface between
chromodomains 1 and 2 (Fig. 5A). The K4me3 side chain is
positioned in a pocket composed of two Trp rings, with
adjacent Arg2 also forming cation—r interactions with one
of these Trp residues, thereby contributing to the specificity
of recognition. Indeed, mutation of either Trp results in a
substantial reduction in binding affinity. In addition, the
binding affinity drops fourfold for complex formation with
H3K4me3R2me2a, containing asymmetric dimethylation
of Arg2 and a 25-fold reduction for complex formation
with H3T3phK4me3-containing phosphorylation of adja-
cent Thr3 (Flanagan et al. 2005). It is important to note that
chromodomains 1 and 2 of CHD1 do not use their canon-
ical Kme-binding surfaces for peptide recognition partly
because of sequence inserts in the CHD1 sequence that
block canonical binding sites used by HP1 and Polycomb
protein chromodomains.

4.2 Tandem Tudor Domains
Tandem Tudor domains have been identified as readers of

methylated lysine marks and shown to use two distinct
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modes of recognition. The relative positioning of the pair
of Tudor domains determines the binding mode; one class
has a single linker that connects individually folded Tudor
domains (examples include 53BP1, UHRF1, and SHH1)
and another involves domain swapping and interdigitation
of Tudor domains connected by a 3-sheet whose 3-strands
are shared between domains (e.g., JMJD2A).

The tandem Tudor domain came into prominence fol-
lowing studies on 53BP1 ( p53-binding protein). This study
showed that histone lysine methylation marks facilitated
the recruitment of 53BP1 and relocalized it to double-
strand breaks on exposure to DNA-damaging agents. The
recruitment element within 53BP1 was identified as a tan-
dem Tudor domain (Huyen et al. 2004) and its mode of
action emerged following the structural determination of
its complex with H4K20me2 peptides (Kg = 19.7 pum)
(Botuyan et al. 2006). The structure of the complex is
shown in Fig. 5B with the peptide positioned between the
Tudor domains, but primarily interacting with Tudor 1 (in
green). The K20me2 side chain inserts into an aromatic
cage positioned within Tudor 1 that is lined by four aro-
matic residues and an Asp that hydrogen bonds to the
dimethylammonium proton, with the dimensions of the
pocket preventing insertion of a K20me3 group (Ky =
1 mm) as a consequence of steric exclusion. The complex
is also stabilized by cation—r interactions between the
side chain of Argl9 of the peptide and a tyrosine ring of
the protein. The importance of H4K20me2 recognition
emerged following mutation of the aromatic residues lin-
ing the pocket, whereby binding was lost in vitro and also
impacted on the targeting of 53BP1 to DNA double-strand
breaks in vivo (Botuyan et al. 2006). A recent structural
study has also reported that selective H3K4me3 recognition
occurs by Spindlinl Tudor domain 2 of this three-tandem
Tudor domain-containing protein, with the Tudor do-
mains aligned in a triangular-shaped architecture (Yang
et al. 2012).

Structures have been solved for the tandem Tudor do-
mains of UHRF1 (ubiquitin-like PHD and Ring finger 1)
(Nady et al. 2011) and SHH1 (Sawadee homeodomain
homolog 1) (Law et al. 2013) when bound to H3K9me2/
3-containing peptides. These systems, like 53BP1, involve a
single linker connecting individually folded Tudor do-
mains, but unlike 53BP1, the bound H3 peptide interacts
with both Tudor domains through positioning with direc-
tionality within a channel between domains. Importantly,
the tandem Tudor domains within the UHRF1 and SHH1
proteins serve as dual lysine readers, probing for both
unmethylated K4 (K4me0) and methylated K9 on the his-
tone tail. Functional studies on the UHRF1 system show
that Tudor domain mutants that can no longer bind
H3K4me0K9me3 have reduced localization to heterochro-
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Tandem Tudor (JMJD2A)

Tandem Tudor (SHH1) Tandem Tudor (SGF29)

Figure 5. Structures of tandem Royal Family modules bound to methylated lysine histone peptides. (A) 2.4-A crystal
structure of the complex of the human CDH1 tandem chromodomains bound to H3(1-19)K4me3 peptide (PDB:
2B2W). Chromodomains 1 and 2 are colored in green and blue, respectively, with the connecting helix-turn-helix
linker in pink. The bound K4me3-containing H3 peptide can be traced from A1 to Q5. (B) 1.7-A crystal structure of
the complex of 53BP1 tandem Tudor domains bound to H4(15-24)K20me2 peptide (PDB: 21G0). Tudor domains 1
and 2 are colored in green and blue, respectively. The bound K20me2-containing H4 peptide can be traced for the
R19-K20me2 step. (C) 2.7-A crystal structure of the complex of tandem Tudor domains of A. thalania SHH1 protein
bound to a H3(1-15)K9me2 peptide (PDB: 4IUT). A bound zinc ion is shown in a silver ball. Tudor domains 1 and 2
are colored in green and blue, respectively. The bound K9me2-containing H3 peptide can be traced from T3 to S10.
(D) The enlargement shows details of the alignment of the K9me2-containing H3 peptide from T3 to S10 positioned
onthe A. thaliana SHH1 domain in the complex with intermolecular interactions formed with both Tudor domains.
(E) 1.26-A crystal structure of the complex of tandem Tudor domains of SGF29 bound to H3(1-11)K4me3 peptide
(PDB: 3MEA). Tudor domains 1 and 2 are colored in blue and green, respectively. The bound K4me3-containing
peptide can be traced from Al to K4me3. (F) 2.1-A crystal structure of the complex of tandem Tudor domains of
JMJD2A bound to H3(1-10)K4me3 peptide (PDB: 2GFA). Individual Tudor domains are colored in green and blue,

respectively. The bound K4me3-containing peptide can be traced from Al to A7.

matic chromocenters and fail to silence expression of the
p16™K* gene (Nady et al. 2011).

The structure of an H3(1-15)K9me2 peptide bound to
the tandem Tudor domains of SHHI (Kgq = 1.9 uMm) is
shown in Fig. 5C with elements involved in the recognition
of unmodified K4me0 and K9me2 shown in the expanded
view in Fig. 5D. No conformational change was observed in
the tandem Tudor fold when complexed with an H3K9me2
peptide (Law et al. 2013). Functional studies on the SHH1
system in plants show that the protein acts upstream of the
RNA-dependent DNA methylation (RADM) pathway (de-
scribed in Sec. 3.5 of Pikaard and Mittelsten Scheid 2014)
to enable small interfering RNA production from a large
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subset of the most active RADM targets. SHH1 is required
for polymerase-IV (pol-IV) occupancy at these same loci
(Law et al. 2013). Further, key residues within both lysine-
binding pockets of SHH1 are required to maintain DNA
methylation in vivo, thereby providing the first insights
into the mechanism by which SHH1 recruits RNA pol-IV
to RADM targets in plants.

SGF29, a component of the SAGA (Spt-Ada-Gen5 ace-
tyltransferase) complex, contains a pair of tandem Tudor
domains that bind to H3K4me2 /3 peptides. Binding occurs
along one surface of the tightly packed face-to-face dimeric
alignment (Fig. 5E) (Bian et al. 2011). The side chains of
Alal insert into a pocket of the Tudor 1 domain (in blue)
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whereas the K4me2/3 inserts into an aromatic cage of the
Tudor 2 domain (in green). Functionally, SGF29 targets
active chromatin via H3K4me2/3, thereby recruiting the
SAGA complex to mediate acetylation of H3 tails.

The jumonji histone KDM, JMJD2A, demethylates
H3K9me?2 via its jumonji domain (discussed in Sec. 1.5
of Cheng 2014). Its tandem Tudor domains adopt a do-
main-swapped interdigitated topology with a two-strand-
ed B-sheet serving as a linker between the well-separated
domains (Huang et al. 2006; Lee et al. 2008). The structure
of the interdigitated tandem Tudor domains bound to an
H3K4me3 peptide is shown in Fig. 5F; the side chain of
K4me3 is positioned within a three-aromatic-residue-lined
cage associated primarily with Tudor 2 (in green), yet bind-
ing affinity is also attributed to the intermolecular contacts
it makes with side chains from Tudor 1 (in blue) within the
interdigitated Tudor scaffold. No conformational change
was observed in the bilobal interdigitated Tudor motif on
proceeding from the free to the H3K4me3-bound state.
In a related structural study (Lee et al. 2008), it was shown
that the JMJD2A interdigitated Tudor domains bind with
similar affinities to H3(1-10)K4me3 (K4 = 0.50 wMm) and
H4(16-25)K20me3 (Kyg = 0.40 M) peptides, although
the two peptides share no amino acid sequence similarity
other than the trimethylated lysine. Strikingly, the two pep-
tides are aligned in opposite orientations despite the Kme3
side chains of both peptides inserting into the same aro-
matic-lined pocket in Tudor 2. Details of the intermolecu-
lar contacts led Lee et al. (2008) to identify single point
mutants that inhibited recognition of H4K20me3, but
not H3K4me3 or vice versa.

4.3 Tandem MBT Repeats

The MBT repeats are approximately 70 residues long and
aligned in tandem. MBT acts as a transcription repressor
with its repeats often perturbed in hematopoietic malig-
nances (Koga et al. 1999). At the functional level, MBT
proteins impact on diverse processes, ranging from regula-
tion of mitosis and tumor suppression to the maintenance
of cellular identity and body pattern during development
(Bonasio et al. 2010).

The MBT fold was first identified following structure
determination of the three MBT repeats from human
L3MBTL1 (Wang et al. 2003) and the two MBT repeat-
containing Drosophila SCML2 (Sex comb on midleg-like
2) protein (Sathyamurthy et al. 2003). The MBT unit is
composed of a four-stranded B-barrel core followed by
an extended arm of helices. Interdigitation occurs between
the extended arms and cores of adjacent MBT subunits. In
the case of L3AMBTLI, this results in the formation of a
three-leaved propeller-like architecture with each MBT
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unit containing an aromatic-lined pocket located on the
same face of the triangular architecture (Fig. 6A) (Wang
et al. 2003). Binding studies with histone peptides estab-
lished that L3AMBTL1 shows a preference for lower (mono-
and di-) lysine methylation states. However, binding to a
particular histone Kmel /2 mark is somewhat promiscuous
and of relatively low to intermediate affinity (in the range of
K4 = 5-40 wm). The Kmel/2 marks that LAMBTLI binds
to include H1.4K26me, H3K4me, H3K9me, H3K27me,
H3K36me, and H4K20me, as measured at the peptide level
by fluorescence polarization-based binding assays (Li et al.
2007a). Structural studies showed that the side chains of
Kmel and Kme?2 insert deep into an aromatic cage pocket
of the second MBT repeat of L3MBTLI (Fig. 6B). Simulta-
neously, an adjacent L3MBTL1 protomer in the crystal
lattice inserts its Pro ring from a carboxy-terminal tail
Pro-Ser segment into a shallow aromatic cage pocket of
the first MBT repeat (Fig. 5C). Pocket 2 is both deep and
narrow and serves as a size-selective filter with the side
chains that project from the gating and caging loops re-
stricting access to the larger Kme3 group (Li et al. 2007a).
Such a “cavity insertion” mode of methyllysine recognition
(Fig. 6B) is distinct from the surface groove mode of meth-
yllysine recognition (Fig. 2D) observed for other Royal
Family members, PHD finger, and BAH domain reader
complexes. A parallel structural study looking at the bind-
ing of the H4K20me2 peptide to L3MBTLI also identified
pocket 2 as a reader of lower lysine methylation marks (Min
et al. 2007). In addition, it proposed an unanticipated
mode of peptide-mediated dimerization leading to a model
for chromatin compaction by L3MBTLI. More recent
binding studies concluded that some MBT proteins showed
sequence specificity, whereas others were promiscuous in
the targeting of lower methylated lysine marks (Nady et al.
2012).

Reconstituted L3MBTL1-histone complexes analyzed
by electron microscopy showed that L3MBTL1 does indeed
compact nucleosomal arrays containing lower lysine meth-
ylation marks at HIK26 and H4K20. Thus, a combinatorial
readout of methylated H1K26 and H4K20 by L3MBTL1
and methylated H3K9 by HP1vy results in chromatin
condensation at Rb-regulated genes (Trojer et al. 2007; re-
viewed in Trojer and Reinberg 2008). Somewhat unexpect-
edly, recent functional studies indicate that the related
protein L3MBTL2 can act in concert with PcG protein-
mediated ubiquitination of H2A to establish a repressive
chromatin structure without entailing the contribution of
histone lysine methylation marks (Trojer et al. 2011).

Structural studies have also been undertaken on the
four MBT repeats in human L3MBTL2 (Guo et al. 2009)
and its Drosophila counterpart, dSfmbt (Grimm et al.
2009), bound to an H4K20mel peptide. The four MBT

Cite this article as Cold Spring Harb Perspect Biol 2016,8:a018754



m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

oo

3MBT (L3MBT1)

3MBT (L3MBT1)

D E UNC669

{ :F

3MBT (L3MBT1)
+ UNC669

UNC669

Figure 6. Structures of LSMBTL1 bound to methylated lysine his-
tone peptides and an inhibitor. (A) 1.66-A crystal structure of the
complex-containing L3MBTLI bound to H1(22-26)K26me2 pep-
tide (PDB: 2RHI). A carboxy-terminal peptide from an adjacent
L3MBTLLI in the crystal lattice inserts Pro523 into the aromatic-lined
pocket of MBT domain 1 (in pink). The dimethylammonium group
of bound K26me2 inserts into the aromatic-lined pocket of MBT
domain 2 (in green) with the K26me2-containing H1 peptide traced
from T24 to K26me2. A polyethylene glycol (PEG) molecule inserts
into the aromatic-lined pocket of MBT domain 3 (in blue). (B)
Details of how the H1K26me2 dimethylammonium group inserts
into the aromatic-lined pocket of MBT domain 2. (C) Structural
detail showing how the proline from an adjacent L3MBTLI in the
crystal lattice inserts into the aromatic-lined pocket of MBT domain
1. This pocket is shallower than the one shown in B. (D) Chemical
formula of UNC669. (E) Details of how UNC669 inserts into the
aromatic-lined pocket of MBT domain 2, based on the 2.55-A crystal
structure of L3AMBTL1 bound to UNC669 (PDB: 3P8H).
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repeats adopt an asymmetric rhomboid scaffold, with MBT
repeats 2, 3, and 4 forming the triangular architecture and
repeat 1 projecting off of it. The K20mel side chain inserts
into pocket 4 (corresponds to pocket 2 of L3AMBTLI1) with
preferential recognition of lower methylation states. It was
proposed that the observed lack of sequence specificity
between bound histone peptides by MBT repeats could
reflect the absence of distinct surface contours surrounding
the methylated lysine-binding pocket (Guo et al. 2009).
Functional experiments suggest that dSfmbt interacts
with a related MBT repeat protein, Scm, and these two
proteins together synergize in the repression of target genes
crucial for Polycomb silencing (Grimm et al. 2009).

5 READOUT OF METHYLLYSINE MARKS BY
EXPANDED AND PAIRED MODULES

We outline, below, two examples in which the readout of
methylated lysine marks requires an expanded PHD finger
module in one case and the modulation of PHD finger
binding by a cofactor in the other case. The expanded
PHD finger module example is most illuminating because
the structural studies have identified a new principle for the
recognition of Kme marks that is distinct from the surface
groove (e.g., parts of PHD finger illustrated in Fig. 2D) and
“insertion cavity” (e.g., Fig. 6B) modes of recognition al-
ready outlined in Sections 2.1 and 4.3. In addition, we
outline recognition of Kme marks by ankyrin repeats.

5.1 GATA-1 and PHD Fingers of the ADD Domain

The ADD (ATRX-DNMT3A-DNMT3L) domain is found
both in the ATRX protein, whose mutated form is associ-
ated with X-linked mental retardation (ATR-X) syndrome,
and mammalian DNMT3A-DNMTS3L required for de novo
DNA methylation. ATRX is a large protein composed of
adjacently positioned zinc-coordinated GATA and PHD
fingers, referred to as the expanded PHD finger module.
Half of the missense mutations in ATRX are associated with
disease, many of them identified with pancreatic endocrine
tumors. Further, about half are clustered toward the amino
terminus within the Cys-rich ADD domain (Jiao et al.
2011); the other half cluster within the helicase/ATPase
domain. The NMR solution structure of the ADD domain
of ATRX in the free state showed that the GATA finger, PHD
finger, and long carboxy-terminal a-helix form a single
globular domain (Argentaro et al. 2007). Disease-causing
mutations lie within this ADD domain dispersed between
Zn-coordinating residues, those involved in packing, and
others distributed along the outer surface.

The structure of H3K4me0-containing peptides bound
to the ADD domain of DNMT3A has been solved (see
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Sec. 3 and Fig. 10 of Cheng 2014 and Otani et al. 2009).
More recently, two groups have solved the structures of the
ATRX ADD domain bound to H3K9me3-containing pep-
tides (Eustermann et al. 2011; Iwase et al. 2011). The bind-
ing is promoted by H3K9me3, but inhibited by H3K4me3.
A crystal structure of the complex reported at 1.0-A reso-
lution has provided details of intermolecular contacts and
bridging water molecules at the highest resolution (Fig.
7A,B) (Iwase et al. 2011). The structure explains the re-
quirement for unmodified H3K4; this side chain ammoni-
um group is hydrogen bonded to the carboxyate groups of
acidic amino acids within the PHD component of the ADD
domain, leaving no room to accommodate methylation
marks (Fig. 7B). Strikingly, the K9me3 mark is positioned
within an “interfacial composite pocket” composed of res-
idues from both GATA-1 and PHD fingers, with the dimen-
sions of the pocket exquisitely sculpted to perfectly allow
accommodation of the bulky trimethyllysine group (Fig.

PHD (Pygo) + HD1 (BCL9)

7C). Unlike classical trimethyllysine readers, which usually
consist of an aromatic-lined cage for higher methylation
state-specific readout (reviewed in Taverna et al. 2007), the
interfacial composite pocket of the ADD domain that binds
K9me3 involves favorable van der Waals contacts associated
with a high degree of surface complementarity (Fig. 7D),
supplemented by a set of carbon—oxygen hydrogen bonds
with the K9me3 group (Fig. 7C) (Iwase et al. 2011). The
K4 and K9me3 binding pockets adopt a rigid mutual
orientation (Fig. 7B), thereby contributing to the combi-
natorial readout of dual marks as reflected in the large
increase in affinity (sevenfold on comparing H3K4me0K9
me3, Kq = 0.5 p™m, with H3K9me0K9me0, Kg = 3.6 pMm)
and enthalpy (twofold on comparing H3K4me0OK9me3,
AH = —12.2 Kcal mol ™!, with H3K9me0K9me0, AH =
—6.1 Kcal mol ') for their joint readouts compared with
their individual mark counterparts (Eustermann et al.
2011; Iwase et al. 2011). The structure of the complex con-

ADD (ATRX)

Ankyrin (G9a)

Figure 7. Structures of expanded and paired modules bound to methylated lysine histone marks. (A) 1.6-A crystal
structure of the complex containing the ADD domain of ATRX bound to the H3(1-15)K9me3 peptide (PDB:
3QLA). The ADD GATA-1 and PHD fingers are colored in blue and green, respectively. Bound Zn ions are shown
as silver balls. The H3 peptide containing K9me3 is traced from Al to S10. (B) Enlargement of A showing
intermolecular contacts between the K9me3-containing H3 peptide, traced from Al to S10, complexed with the
ADD domain. The me3 are shown as magenta spheres. (C) Ribbon and stick representation of K9me3 positioned to
interact with the GATA-1 and PHD finger domains in the complex. (D) Surface and space-filling representation of
surface complementarity between K9me3 and the walls of the pocket lined by the GATA-1 and PHD finger domains
in the complex. (E) 1.7-A crystal structure of the ternary complex of the Pygo PHD finger (in green) bound to
H3(1-7)K4me2 peptide (in yellow) in the presence of the HD1 domain of BCL9 (in pink) (PDB: 2VPE). (F) 2.99-A
crystal structure of the complex consisting of the G9a ankyrin repeats (green) bound to an H3(1-15)K9me?2 peptide
traced from A7 to G13 in yellow (PDB: 3B95). The K9me2 aromatic-lined binding pocket is positioned between the

fourth and fifth ankyrin repeats of G9a.
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taining the H3K9me3 peptide bound to the ATRX ADD
domain highlights the role of integrated modules and the
unanticipated composite reader pockets in methyllysine
recognition. Functionally, ATRX localization at pericentric
heterochromatin is lost for mutations in the H3K9me3
binding pocket and ones identified from ATRX syndrome
patients (Iwase et al. 2011). In addition, the in vivo studies
of Eustermann et al. (2011) showed that the readout of H3
with unmodified K4 and K9me3 by the ADD domain of
ATRX was facilitated by recruitment of HP1, which inde-
pendently recognizes H3K9me3. Such tripartite recogni-
tion could have the potential for spanning neighboring
nucleosomes.

5.2 Pygo PHD Finger and Its Cofactor BCL9

The Pygopus (Pygo) protein contains a PHD domain,
which, together with its cofactor BCL9, operates during
development via the Wnt signaling pathway by regulating
B-catenin-mediated transcription through an interac-
tion with methylated H3K4 marks. This regulatory func-
tion relies on the interaction between the carboxy-terminal
PHD domain of Pygo and the homology domain 1 (HD1)
of BCL9. Structural studies on the Pygo PHD finger (Na-
kamura et al. 2007), its binary complex with BCL9 HD1
(Fiedler et al. 2008), and its ternary complex with added
H3K4me2 (Fig. 7E) (Fiedler et al. 2008; Miller et al. 2010)
identified the principles underlying K4me2 mark recogni-
tion. The H3K4me2 mark and HD1 are positioned on op-
posite faces of the Pygo PHD finger, with efficient mark
recognition requiring association of the Pygo PHD finger
with HD1. HD1 binding to the PHD finger, in fact, triggers
an allosteric transition, thereby facilitating optimal recog-
nition of the H3K4me2 mark. The K4me2-binding pocket
is composed of four aromatic residues and an Asp with a
twofold preference for the Kme2 over the Kme3 state.

5.3 Ankyrin Repeats

G9a and GLP (G9a-like) are euchromatin-associated KMTs
composed of amino-terminal ankyrin repeats and a
carboxy-terminal methyltransferase SET domain. These
enzymes repress transcription following SET domain-cat-
alyzed writing of H3K9mel and H3K9me2 marks. It was
subsequent to identifying the enzymatic H3K9me writing
activity that G9a and GLP were also shown to be readers of
H3K9me marks, using the ankyrin repeats within the pro-
tein (Collins et al. 2008). Ankyrin repeats involve helix-
turn-helix-B-turn modules, aligned through the stacking
of helices, with the B-turns projecting outward at right
angles. The H3K9mel and H3K9me2 peptides bind to
the ankyrin repeats of G9a with intermediate binding affin-
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ity (Kq = 14 pM and 6 pM, respectively), with a crystal
structure solved for the complex of ankyrin repeats with
the H3K9me2 peptide. The bound H3 peptide is sand-
wiched between B-turns and helices of the fourth and fifth
ankyrin repeats, with the dimethylammonium group of
K9me?2 inserted into an aromatic pocket lined by three
Trp residues and a Glu (Fig. 7F). Intermolecular recogni-
tion involves peptide residues 9 to 11, which includes
K9me2. Mutation of these peptide or aromatic cage residues
adversely impacts on complex formation (Collins et al.
2008). Perturbation of methyllysine recognition by the an-
kyrin repeats, however, has no effect on G9a’s SET domain-
mediated methyltransferase activity, indicating that the
reading and writing domains function independently.

6 READOUT OF METHYLARGININE MARKS
BY TUDOR MODULES

Tudor modules, as well as recognizing lysine methylation
(Kme) marks, recognize methylated arginine (Rme) marks,
and the latter can be subdivided into two classes: the ca-
nonical and the expanded Tudor reader modules. Tudor
proteins play key roles in a range of cellular processes rang-
ing from germ cell development to RNA metabolism, pro-
cessing, and silencing, as well as DNA damage response and
chromatin-remodeling (reviewed in Bedford and Clarke
2009; Siomi et al. 2010; Chen et al. 2011). The structural
studies described in this section are relevant to chromatin
biology not so much for directly reading arginine methyl-
ation marks contained on the histone proteins, but on
proteins such as PIWI, which are part of the machinery
involved in chromatin-templated processes such as RNA
silencing. Although we describe the details of the binding
structures of Tudor domains with nonchromatin targets,
the details become relevant to epigenetic regulation in that
they affect Piwi, a component of RNA interference (RNA1)
pathways.

6.1 Canonical Tudor Domains

The first insights into the canonical Tudor domain fold
emerged from structural studies of the SMN (survival of
motor neuron) protein. When mutated, SMN causes spinal
muscular atrophy, a degenerative motor neuron disease.
The SMN protein contains a single highly conserved ca-
nonical Tudor domain required for uridine-rich small nu-
clear ribonucleoprotein complex assembly. The Tudor
domain facilitates binding to the seven-membered het-
ero-oligomeric ring-shaped Sm proteins. The SMN Tudor
domain forms a strongly bent five-stranded antiparallel
B-sheet barrel-like fold (Selenko et al. 2001), with a cluster
of aromatic amino acids forming a cage on one face of the
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Tudor domain (Sprangers et al. 2003). This targets meth-
ylated arginines positioned within the carboxy-terminal
Arg-Gly-rich tails of Sm proteins (Brahms et al. 2001).
The Tudor-containing protein, TDRD3, is also a reader of
methylated arginine marks on histone tails (H3R17me2a
and H4R3me2a), acting as a transcriptional coactivator
(Yang et al. 2010).

NMR-based solution structures have been solved for
the Tudor domains of SMN and SFP30 bound to short
symmetrical dimethylated arginine peptides correspond-
ing to the carboxy-terminal Arg-Gly-rich tails of Sm pro-
teins (Tripsianes et al. 2011). The binding specificity
decreases in the order symmetrical dimethylated arginine
(Rme2s) > asymmetrical dimethylated arginine (Rme2a)
> monomethylated arginine (Rmel). Binding specificity
for Rme2s marks was independent of residues within the
peptide on either side of the mark. The dimethyl guanidi-
nium moiety of the Rme2s mark, in an anti—anti align-
ment (anti orientation of both N-CHj3 bonds in relation
to the side chain C-Ne bond), inserts into a cage formed
by four aromatic residues and an Asn residue (Fig. 8A),
in which it is stabilized by cation—m interactions. The
E134K mutation associated with spinal muscular atrophy
impairs a hydrogen bond between the Glul34 side chain
and hydroxyl group of a Tyr residue lining the aromatic
cage, highlighting the role of aromatic amino acids lining
the cage for optimally orienting the dimethyl guanidinium
group of the Rme2s, ensuring recognition.

6.2 Expanded Tudor Domains

Certain proteins contain expanded multiple tandem re-
peats as a 180-residue module, which itself consists of a
60-residue canonical Tudor core domain and flanking
amino- and carboxy-terminal conserved elements. Many
of these Tudor proteins are germline-specific and exert
their regulatory effect via the recognition of arginine meth-
ylation at the amino-terminal end of PIWI family pro-
teins. PIWI proteins are themselves important regulators
of the germline via the RNA silencing pathway. This path-
way functions predominantly in silencing transposable
elements in early development (reviewed in Siomi et al.
2010; Chen et al. 2011).

Several structure—function studies have been per-
formed on complexes containing the expanded Tudor do-
mains bound to methylated arginine peptides from the
Arg-Gly/Arg-Ala-rich amino terminus of PIWI-family
proteins. These studies have shed light on the principles
underlying recognition of the symmetrical dimethylated
arginine mark (Rme2s) (Liu et al. 2010a; Liu et al. 2010b;
Mathioudakis et al. 2012). The structures of complexes
containing other Tudor group proteins led to similar con-
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Figure 8. Structures of expanded and paired modules bound to meth-
ylated arginine histone marks. (A) NMR solution structure of the
complex containing the SMN Tudor domain (green ribbon repre-
sentation) bound to a symmetrical Rme2s-containing peptide (yel-
low) (PDB: 4A4E). The methyl groups are illustrated with magenta
spheres and the aromatic-lined cage in orange. (B) 2.8-A crystal
structure of the complex containing the SND1 extended Tudor mod-
ule bound to the amino-terminal PIWI peptide, traced from R10 to
R17, with the R14me2s modification (PDB: 3NTI). The core fold of
the Tudor domain is shown in green, whereas the extensions are
shown in blue. (C) Enlargement of B showing the positioning of
R14me2s in the aromatic-lined cage of the SND1 Tudor domain in
the complex.

clusions about the nature of expanded Tudor domain in-
teractions with methylated arginines (Liu et al. 2010a; Liu
et al. 2010b; Mathioudakis et al. 2012). The results of the
complex between the SND1 (staphylococcal nuclease do-
main-containing 1) extended Tudor module and the
R14me2s-containing amino-terminal PIWI peptide is dis-
cussed here (Liu et al. 2010b).

The SN-like domain of the SNDI protein is split into
two segments by the canonical Tudor domain with an a-
helical linker connecting the Tudor (in green) and SN-like
(in blue) domains (Fig. 8B). This so-called extended Tudor
module forms an OB (oligonucleotide and oligosaccha-
ride-binding) fold. The R14me2s-containing amino-ter-
minal PIWI peptide binds with directionality within a
wide and negatively charged groove of the SND1 Tudor
domain (Fig. 8B), in the process inserting the planar di-
methyl-guanidinium group of R14me2s in an anti—syn
orientation into an aromatic cage lined by four aromatic
amino acids and an Asn residue (Fig. 8C). SND1 can also
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form a complex with the PTWI R4me2s-containing peptide
and its structure has also been reported (Liu et al. 2010a).

Unlike canonical Tudor domains, binding affinity
on complex formation is affected by proximal residues
flanking the Rme2s mark. And both the canonical Tudor
domain and flanking amino- and carboxy-terminal exten-
sions are equally required for binding because deletion of
either of the extensions resulted in loss of binding. Muta-
tion of either individual aromatic amino acids or the Asn
(involved in hydrogen bonding to the dimethyl guanidi-
nium group) lining the pocket resulted in 11- to 22-fold
loss in binding affinity. The SND1 extended Tudor module
shows specificity for the R4me2s mark (Kg = 10 pm), with
reduction in binding by fourfold for the R4me2a mark,
twofold for the R4mel mark, and a larger ninefold for
the unmodified R4 mark. It is likely that monomethylation
would reduce hydrophobic interactions with the aromatic
pocket, and asymmetrical dimethylation could disrupt the
intermolecular hydrogen bond with the Asn, accounting
for the modest reduction in binding affinity. Interestingly,
the R4me2s-containing amino-terminal PIWI peptide
binds to the SND1 extended Tudor in the opposite orien-
tation to the R14me2s peptide yet retains insertion of
R4me2s into the aromatic cage pocket, thereby suggesting
plasticity in the recognition process. Functional studies
have identified an intricate interplay between writers and
readers of the Rme2s mark and the mark itself and in
regulating transposon silencing and germ cell development
(reviewed in Chen et al. 2011). A remaining challenge in the
field will be to identify potential readers of Rme2a and
Rmel marks and the principles underlying optimal selec-
tivity as a function of methylation state of arginine.

7 READOUT OF UNMODIFIED LYSINE MARKS

Although the focus of this article is largely on reader mod-
ules that target methylated lysine marks, it should be noted
that, as introduced in Sections 4.2 and 5.1, certain reader
modules target unmodified lysines on histone tails. Such
recognition events can then be blocked or weakened by
methylation with functional consequences.

7.1 PHD Fingers

The first indication that unmethylated lysines contribute to
molecular recognition emerged from the structure of the
BHC80 PHD finger bound to the histone H3(1-10) peptide
(Kg = 30 M) (Lan et al. 2007). A high-resolution (1.4—1OX)
crystal structure study readily revealed details of the inter-
molecular contacts; the ammonium group of K4 hydrogen
bonded to both an acidic side chain and backbone carbonyl
group (Fig. 9A). There was no room to accommodate a
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WD40 (p55)

Figure 9. Structures of reader modules bound to lysines and argi-
nines. (A) 1.43-A crystal structure of the complex of the PHD finger
of BHC80 bound to H3(1-10) peptide (in yellow) (PDB: 2PUY). The
bound H3 peptide can be traced from A1 to S10. Zinc ions are shown
as silver balls. (B) 1.5-A crystal structure of the complex of the WD40
motif of WDR5 bound to H3(1-9)K4me2 peptide. The bound
K9me2-containing peptide can be traced from Al to R8 (PDB:
2H6N). (C) Insertion of R2 into the central channel of the WD40
motif in the H3(1-9)K9me2-WDR5 complex. (D) Insertion of
R2me2s into the central channel of the WD40 motif in the
H3(1-15)R2me2sK9me2-WDR5 complex solved at 1.9 A (PDB:
4A7)). (E) 3.2-A crystal structure of the complex of the WD40 motif
of p55 bound to H4(15-41) peptide (PDB: 3C9C). The bound H4
peptide can be traced from K31 to G41.

methylated K4 in this complex, thereby accounting for
the specificity of unmodified lysine recognition. The inter-
molecular interactions are stabilized by interdigitation of
side chains involving the H3 peptide (R2 and K4) with the
PHD finger (Met and Asp); binding is lost on mutation of
these Met and Asp residues (Lan et al. 2007). RNAi knock-
down of BHCS80 results in derepression of LSD1 target
genes, whereas ChIP studies show that BHC80 and LSD1
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mutually depend on each other to associate with chroma-
tin. These results point to BHC80 function being coupled
to that of LSD1, which is consistent with BHC80 having a
role in LSD1-mediated gene repression via the recognition
of unmodified H3K4 (Lan et al. 2007).

Other examples of reader modules that recognize un-
modified lysines at H3K4 include DNMT3I (Ooi et al.
2007), the ADD domains of DNMT3A and ATRX (dis-
cussed in Sec. 5.1), PHD finger domains of TRIM24 and
TRIM33 (to be discussed in Sec. 9), and tandem Tudor
domains of UHRF1 and SSH1 (discussed in Sec. 4.2). Rec-
ognition of unmodified H3K4 and discrimination against
methylation at this position is achieved by intermolecular
hydrogen bonding between the ammonium group of lysine
and acidic side chains, or the backbone carbonyl groups, or
a combination of both.

8 READOUT OF UNMODIFIED ARGININE MARKS

The readout of unmodified lysines can solely be achieved
by PHD fingers, as outlined in Section 7. In contrast, un-
modified arginines can be read by several distinct reader
modules including WD40 motifs, PHD fingers, and chro-
modomains. We outline below the distinct recognition
principles by which each of these reader modules binds
with unmodified arginine.

8.1 WD40 Motifs

WDR5 is a member of the WD-40 (for 40 amino acids)
repeat family. Individual WDA40 repeats form a toroidal B-
propeller fold, much like the blades of a propeller. WDR5 is
a common component of the SET1-family of KMT com-
plexes that play an essential role in Hox gene activation and
vertebrate development. Several groups simultaneously
solved the structure of the H3K4me?2 peptide-WDR5 com-
plex (Couture et al. 2006; Han et al. 2006; Ruthenburg
et al. 2006; Schuetz et al. 2006) with the anticipation that
the structure would identify the principles underlying
H3K4me2 recognition, given that WDR5 associates with
and is essential for H3K4 methylation and vertebrate de-
velopment (Wysocka et al. 2005). The H3K4me2 peptide
binds on the surface above the central channel of the to-
roid-shaped fold of WDR5 (Fig. 9B), where it is stabilized
by a set of extensive intermolecular contacts between the
bound H3 peptide and WDRS5. Unexpectedly, it is the
side chain of unmodified Arg2 rather than K4me2 that
inserts into the narrow central channel of the toroidal -
propeller fold (cavity insertion mode), in which it is stabi-
lized by stacking with staggered Phe side chains and orient-
ed through direct and water-mediated hydrogen bonds
(Fig. 9C).
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A further surprise came from a recent structure—func-
tion study demonstrating that the central channel of the
WDR5 WD40 fold also accommodates the symmetrically
dimethylated H3R2me2s mark (Fig. 9D), but not its asym-
metrical H3R2me2a counterpart (Migliori et al. 2012).
Comparison of the H3R2 and H3R2me2s complexes indi-
cated that the guanidinium group forms direct and water-
mediated hydrogen bonds involving two anchored water
molecules in the H3R2 complex (Fig. 9C), with one of these
waters displaced in the H3R2me2s complex, together with
protrusion of the dimethylated side chain toward the Phe
ring (Fig. 9D) to form enhanced hydrophobic interactions.
Functionally, the H3R2me2s mark retains euchromatic
genes in a poised state ready for transcriptional activation
following transit from the cell cycle and differentiation.

Another study has investigated the structure of WRD5
complexed with a peptide from the KMT writer enzyme,
MLLI (mixed lineage leukemia 1) (Patel et al. 2008; Song
and Kingston 2008). Unexpectedly, the histone H3-like
MLLI peptide bound in an almost identical orientation
as an H3 peptide and, in addition, similarly inserted the
Arg side chain into the central channel of the WD40 scat-
fold. It was also shown that H3K4me-containing peptides
compete with the MLL1 peptide for WDR5 because dis-
ruption of WDR5-MLL1 binding was more effective by
H3K4mel /me2 peptides over H3K4me0/me3 peptides.
One interpretation of these observations is that there is a
delicate interplay between components of the MLL1 com-
plex, namely WDRS5 (the reader), the SET domain of MLL1
(the writer), and the histone H3 tail (the substrate) (Song
and Kingston 2008).

In another structural study, the WD40 motif of p55, a
common component of several chromatin-modifying
complexes, bound the first A-helix of H4 within a surface
binding channel located on the side of the B-propeller
scaffold (Fig. 9E) (Song et al. 2008). Because the first helix
of H4 is buried within the canonical fold of the nucleo-
some, a substantial alteration of the conformation of this
H4 segment was observed on complex formation with p55.
Further, it was shown that the histone H4-binding pocket
was important for the functional activities of p55-contain-
ing complexes involved in chromatin assembly (CAF1),
remodeling (NURF), and deacetylation (NuRD) (Song
et al. 2008).

8.2 PHD Fingers

The PHD finger is a reader module that can recognize
unmodified arginines. A recent example includes the rec-
ognition of unmodified R2 on the H3 tail by the PHD
finger of UHRF1, an important regulator of CpG methyl-
ation (discussed in Sec. 2 of Cheng 2014; Rajakumara et al.
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Figure 10. Structures of PHD finger and chromodomains bound to unmodified arginines. (A) 1.8-A crystal
structure of the complex of the PHD finger of UHRF1 bound to H3(1-9) peptide (PDB: 3SOU). The bound H3
peptide can be traced from A1 to R8. Zinc ions are shown by silver balls. (B) 3.18-A crystal structure of the complex of
the chromodomains and Ankyrin repeats of A. thaliana chloroplast signal recognition particle (cpSRP)43 bound to
an RRKR (Arg-Arg-Lys-Arg)-containing peptide (yellow) (PDB: 3UI2). The side chains of R536 and R537 of the
bound RRKR-containing peptide are positioned in adjacent pockets at the interface between the fourth Ankyrin
repeat (purple) and the second chromodomain (green) in the complex. (C) Positioning of Arg536 of the RRKR-
containing peptide within an aromatic-lined cage in the complex. (D) Positioning of Arg537 of the RRKR-con-
taining peptide in a pocket lined by a Trp and two acidic side chains in the complex.

2011b; see also Hu et al. 2011; Wang et al. 2011; Xie et al.
2012). In this complex, the guanidinium group of R2 par-
ticipates in an extensive intermolecular hydrogen bond
network (Fig. 10A), and methylation of H3R2, but not
H3K4 or H3K9, disrupts complex formation. Functionally,
the ability of UHRF1 to suppress the expression of its tar-
get genes is dependent on the PHD finger of UHRF1 bind-
ing to unmodified H3R2, thereby linking this recognition
event involving UHRF1 to regulation of euchromatic gene
expression (Rajakumara et al. 2011b).

Another example of a PHD finger that recognizes the
Rme0 mark is the MOZ (monocytic leukemia zinc-finger
protein) PHD tandem cassette, detailed in Section 9.3.

8.3 Chromodomains

Recent research reported an unexpected interaction in the
cytosol between cpSRP43 (composed of chromodomains
and Ankyrin repeats) and a peptide containing the RRKR
motif from cpSRP54. The latter is associated with the chlo-
roplast signal recognition particle in A. thaliana (Holder-
mann et al. 2012). The structure of cpSRP43ACD3 bound
to an RRKR-containing peptide of cpSRP54 is shown in
Fig. 10B, with the peptide binding at the interface between
the fourth Ankyrin repeat and the second chromodomain
(CD2) (Kgq = 6.4 pm). In the complex, the RRKR-contain-
ing peptide adopts an extended conformation except for a
type-1II B-turn at its amino terminus, with recognition oc-
curring through a 3-completion mode within the hydro-
phobic binding groove of CD2. The specificity of molecular
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recognition resides in two adjacent arginines in the pep-
tide (Arg536 and Arg537), which are positioned in adjacent
pockets of cpSRP43, one of which is composed of a three-
aromatic residue-lined cage (Arg536; Fig. 10C), whereas
the other is composed of an aromatic amino acid and
two acidic residues (Arg537; Fig. 10D), with replacement
of either Arg on the peptide or Tyr and Trp residues lining
the pockets, abolishing complex formation and its func-
tional readout (targeting of Ankyrin repeats to light-har-
vesting chlorophyll a,b binding proteins). The investigators
also propose that a similar recognition mechanism likely
exists for the interaction between cpSRP43 and the car-
boxy-terminal tail of the membrane insertase Alb3 in-
volved in recruiting cpSRP to the thylakoid membrane
(Falk et al. 2010). This insightful contribution introduces
the novel concept of readout of adjacent unmodified argi-
nines by a twinned aromatic cage (Holdermann et al. 2012)
to generate the cpSRP complex (Goforth et al. 2004) and
defines an unexpected nonnuclear function for chromodo-
mains in posttranslational targeting.

9 MULTIVALENT READOUT BY LINKED BINDING
MODULES AT THE PEPTIDE LEVEL

Given the low affinity in the readout of single marks by
their reader modules, it should not be surprising that the
affinity of binding can be increased following multivalent
readout of two or more marks by linked binding modules
(reviewed in Ruthenburg et al. 2007b; Wang and Patel
2011). In this section, we outline recent results on histone
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combinatorial PTM readout at the peptide level and, in the
following section, discuss results at the nucleosomal level.

9.1 PHD Finger-Bromo Cassettes

The adjacent positioning of PHD finger and bromodomain
to form the PHD finger-bromodomain (designated PHD-
bromo) cassette is the most frequently observed combina-
tion of dual reader modules impacting on epigenetic reg-
ulation (Ruthenburg et al. 2007b). The PHD finger and
bromodomain read Kme and Kac marks, respectively,
and different proteins with PHD-bromo cassettes show
the potential for reading different combinations of these
two marks. To date, structure—function studies have been
undertaken on the PHD-bromo cassettes of BPTF (Li et al.
2006; Ruthenburg et al. 2011; Wysocka et al. 2006), MLL1

PHD-bromo (TRIM33)

(Wang et al. 2010b), TRIM24 (Tsai et al. 2010b), TRIM33
(Xi et al. 2011), and KAP1 (Ivanov et al. 2007; Zeng et al.
2008). There are similarities and differences in structure—
function aspects associated with these PHD-bromo cas-
settes at the peptide level. We outline their distinct roles
in epigenetic regulation below.

The PHD-bromo cassette of the BPTF component of
the NURF chromatin remodeler introduced in Section 2.1
provided the first insights into the structure and function of
this cassette. The structure of the BPTF PHD-bromo cas-
sette showed that the two domains are separated by an a-
helical linker (Fig. 11A), resulting in a fixed distance be-
tween domains, with their histone mark-binding pockets
defined by a fixed relative orientation (Li et al. 2006). The
PHD finger binds the H3K4me3 mark (Li et al. 2006; Wy-
socka et al. 2006), whereas the bromodomain binds a range

PHD-bromo (MLL1)

T32

PHD-bromo (TRIM24)

Figure 11. Structures of PHD-bromo cassettes involved in multivalent readout. (A) 2.0-A crystal structure of the
PHD-bromo cassette of BPTF bound to H3(1-15)K4me3 peptide (PDB: 2F6Z). A separate 1.8-A crystal structure of
the BPTF bromodomain bound to H4(12-21)K16ac peptide was also solved (PDB: 3QZS) and that information was
superpositioned on the structure shown in this panel. The bound H3(1-15)K4me3-containing peptide can be traced
from Al to T6, whereas the bound H4(12-21)K16ac-containing peptide can be traced from K14 to V21 in the
complexes. (B) 1.9-A crystal structure of the MLL1 PHD-bromo cassette bound to H3(1-9)K4me3 peptide (PDB:
3LQJ). The bound H3(1-9)K4me3-containing peptide can be traced from A1 to T6 in the complex. (C) 2.7-A crystal
structure of the TRIM33 PHD-bromo cassette bound to H3(1-22)K9me3K18ac peptide (PDB: 3U50). The bound
H3(1-22)K9me3K18ac peptide can be traced from Al to L20 in the complex. (D) The crystal structures of the
TRIM24 PHD-bromo cassette bound to H3(1-10) peptide (2.0 A) (PDB: 3037) and bound to H3(13-32)K23ac
peptide (1.9 A) (PDB: 3037). The structures were superpositioned to generate the composite structure shown in this
panel. The bound H3(13-32)K23ac peptide can only be traced from T22 to T32 in the complex.
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of Kac marks with a preference for H4K16ac (Ruthenburg
et al. 2011). Thus, the BPTF PHD-bromo cassette shows
capabilities for targeting distinct marks on different his-
tone tails (Ruthenburg et al. 2011).

The leukemia-inducing MLLI protein targets its SET
domain methyltransferase activity to HOX gene promoters
during hematopoiesis (Milne et al. 2002). This protein
contains adjacently positioned PHD finger (PHD3) and
bromodomain, which adopt the characteristic individuals
folds of these motifs, with the connecting linker adopting a
turn segment that leads into the extended aZ-helix of the
bromodomain (Fig. 11B) (Wang et al. 2010b). This align-
ment results in interactions between the PHD and bromo-
domains that manifests as an increase in binding affinity for
PHD finger recognition of the H3K4me3 mark as com-
pared with the isolated PHD finger. The K4me3 side chain
positions into an aromatic-lined pocket (Fig. 11B), and a
conformational change closes an additional face of the ar-
omatic-lined cage on complex formation. The bromodo-
main part of the cassette has lost its ability to target Kac-
containing histone peptides. ChIP measurements estab-
lished colocalization of MLL1 and H3K4me3 marks on
HOX genes, suggesting that the binding of MLL1 PHD3
to the H3K4me3 mark contributes to MLL1 localization at
target genes (Milne et al. 2010; Wang et al. 2010b).

Structure—function studies on the carboxy-terminal
PHD-bromo cassettes of TRIM24 (Tsai et al. 2010b) and
TRIM33 (Xi et al. 2011) provide further insights into com-
binatorial recognition of dual marks. For both TRIM24
and TRIM33, the adjacently positioned PHD finger and
bromodomain folds interact extensively with each other
to generate a single folded unit (Fig. 11C,D). Histone pep-
tide binding studies on TRIM33 elucidated that the PHD
finger recognized a combination of unmodified K4 (me0)
and K9me3 on the same H3 tail, whereas the bromodomain
recognized K18ac. Further, the binding affinity for H3(1-
28)K9me3K18ac (K4 = 0.06 pMm) dual mark was greater
than the sum of binding to individual H3(1-28)K9me3
(Kg = 0.20 pm) and H3(1-28)K18ac (Kyq = 0.21 M)
marks, consistent with combinatorial recognition occur-
ring, even at the peptide level.

The crystal structure of the TRIM33 PHD finger-bromo
cassette bound to H3(1-22)K9me3K18ac peptide has been
solved (Fig. 11C) and provides a molecular explanation for
the results obtained from binding studies. Key intermolec-
ular contacts contributing to the specificity of recognition
include interaction between the TRIM 33 amino terminus
and H3 peptide backbone, between the unmodified K4 and
three acidic side chains, as well as stacking between K9me3
and a Trp side chain, all involving the PHD finger. Addi-
tional specificity is associated with positioning of K18ac in
an atypical binding pocket on the bromodomain (Xi et al.

Cite this article as Cold Spring Harb Perspect Biol 2016,8:a018754

A Perspective on the Readout of Epigenetic Marks

2011). Functionally, nodal signaling-induced formation of
TRIM33-Smad2/3 and Smad4-Smad2/3 complexes trig-
gered the interaction between TRIM33-Smad2/3 and the
H3K9me3 mark, thereby displacing the chromatin-com-
pacting factor HP1vy, and making nodal response elements
accessible to Smad4-Smad2/3 for RNA polymerase II re-
cruitment. In essence, nodal TGF-f3 signals use the poised
H3K9me3 mark as a platform to switch master regulators
of stem cell differentiation from the poised to the active
state (Xi et al. 2011).

The TRIM24 bromodomain, which is part of the PHD-
bromo cassette, targets the H3K23ac mark (Tsai et al.
2010b). The difference in acetyllysine residue recognition
between TRIM24 (H3K23ac recognition) and TRIM33
(H3K18ac recognition) is a reflection of distinct contribu-
tions of sequences that flank the Kac mark, translating into
different intermolecular recognition capabilities of the two
complexes. Crystal structures of two TRIM24 PHD finger-
bromo cassette complexes, one bound to H3K9me3-, the
other to H3K18ac-containing peptides, are superimposed
and shown in Fig. 11D. The spatial alignment and extensive
interaction between the paired reader domains generates a
continuous binding surface, enhancing the combinatorial
readout capacity (Tsai et al. 2010b). TRIM24 binds chro-
matin with H3K4me0 and H3K23ac marks and also to the
estrogen receptor protein, which itself binds to estrogen
response elements when signaled by estrogen to activate
estrogen-dependent genes associated with cellular prolifer-
ation and tumor development. Thus, it is not surprising
that the overexpression of TRIM24 frequently observed in
breast cancer patients correlates with poor survival. The
coexistence of estrogen response elements and distinct
dual-marked H3 chromatin, thus, provides a distinct sys-
tem conducive to regulating estrogen-dependent target
genes (Tsai et al. 2010b).

9.2 The Tandem Tudor-PHD Finger Cassette

A striking pair of studies shows the multivalent readout
(i.e., of multiple PTMs) on H3 tails by the tandem Tu-
dor-PHD cassette, a linked binding module of UHRF1
(Arita et al. 2012; Cheng et al. 2013). The X-ray, NMR,
small-angle X-ray scattering, and binding studies by Arita
etal. (2012) show thata UHRF1-H3 peptide complex forms
with a 1:1 stoichiometry and K4 = 0.37 wm. This strong
binding affinity is suggestive of combinatorial recognition
given that the tandem Tudor domain or PHD finger alone
bind with affinities of Kg = 1.75 pMm and Kq = 1.47 pMm,
respectively. The crystal structure of the complex is shown
in Figure 12A, with the 17-residue linker between the tan-
dem Tudor (in cyan and blue) and PHD finger (in green)
domains essentially packed between the Tudor domains,
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Figure 12. Structures of linked binding modules involved in multivalent readout at the peptide and nucleosomal
levels. (A) 2.9-A crystal structure of the UHRF1 tandem Tudor-PHD finger cassette bound to H3(1-13)K9me3 peptide
(PDB: 3ASK). The tandem Tudor domains are shown in cyan and purple, whereas the PHD finger is shown in green.
Zinc ions are shown as silver balls. The bound H3(1-13)K9me3-containing peptide can be traced from Al to S10.
(B) Enlargement of A, showing details of the intermolecular contacts between H3(1-13)K9me3-containing peptide
(A1to S10) and the tandem Tudor-PHD finger cassette of UHRF1I. (C) 1.47-A crystal structure of the complex of the
tandem PHD finger cassette of MOZ bound to H3(1-18)K14ac peptide (PDB: 3V43). There is a bound acetate (in
space-filling representation) from buffer bound in a pocket in the amino-terminal PHD finger (in blue). The bound
H3(1-18)K14ac-containing peptide can be traced from A1 to A7, in which it is bound to the carboxy-terminal PHD
finger (in green). (D) glutathione S-transferase (GST) pull-down of modified nucleosomes with semisynthetic
histones produced by expressed protein ligation. Nucleosomes containing dual marks involving H4K12ac,
H4K16ac, or H4K20ac in combination with H3K4me3 are pulled down with resin bound GST-BPTF PHD-bromo
cassette and detected by autoradiography after native gel electrophoresis. (D, Reprinted from Ruthenburgetal. 2011.)

with minimal contacts between the Tudor domains and the
PHD finger. There is a central hole in the overall architec-
ture of the protein scaffold, which accommodates the com-
pactly folded bound H3K9me3-containing peptide in the
complex (expanded view in Fig. 12B). On the H3K9me3-
containing peptide side, residues 1 to 4 participate in in-
termolecular B-sheet formation, with the guanidine group
of unmodified Arg2 involved in a network of intermolec-
ular hydrogen bonds such that methylation at this position
results in reduced binding affinity (see Sec. 8.2). Peptide
residues 5 to 8 unexpectedly adopt an a-helical conforma-
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tion stabilized by a N-capping hydrogen bond, but other-
wise do not form specific intermolecular contacts in the
complex. The 9-10 peptide segment forms contacts with
the first Tudor domain (in blue), thereby positioning the
trimethylammonium group of K9me3 within an aromatic
cage. The phosphorylation state of the adjacent Ser10 (and
also Thr3) residue of the bound peptide significantly im-
pacts on binding affinity. On the UHRF1 protein side, the
importance of the linker element connecting the tandem
Tudor and PHD finger was highlighted by the loss of bind-
ing following dual Arg to Ala mutations of adjacent Arg
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residues within the linker segment. In addition, phosphor-
ylation of a Ser (target of protein kinase A) within the linker
segment resulted in a 30-fold loss in binding affinity. It is
conceivable that modifications (such as phosphorylation)
within the linker segment could act as a switch between
potential regulatory pathways used by UHRF1 during its
functional role in the maintenance of DNA methylation
and transcription repression (detailed below in Sec. 12.1;
Arita et al. 2012).

9.3 Tandem PHD Finger Cassettes

The histone acetyltransferase (HAT), MOZ, which contains
a pair of tandem PHD fingers, is important for the expres-
sion of HOX genes and contributes to embryonic and post-
natal development. Two groups have now shown that the
tandem PHD fingers of MOZ target H3 peptides contain-
ing unmodified R2 and K14ac marks (Ali et al. 2012; Qiu
etal. 2012). In the crystal structure of the complex bound to
an H3(1-18)K14ac peptide (Fig. 12C), the R2 side chain
forms a network of hydrogen bonds to the side chains of
Asp residues on the second PHD finger (in green), whereas
the binding site for K14ac on the first PHD finger (in blue)
(by analogy with the related structure of the tandem PHD
fingers of DPF3b bound to H3K14ac peptide; Zeng et al.
2010) was occluded by bound acetate from buffer and crys-
tal packing interactions (Qiu et al. 2012). NMR-binding
studies by both groups showed that methylation of either
R2 or K4 significantly impacted on complex formation.
Fluorescence microscopy studies showed that both PHD
fingers are necessary for binding to H3K14ac in vivo and
localization to chromatin (Ali et al. 2012). Further, ChIP
studies showed that the tandem PHD finger facilitated the
localization of MOZ to the promoter locus of the HOXA9
gene, upregulating HOXA9 messenger RNA (mRNA) levels
through promotion of H3 acetylation (Qiu et al. 2012).
Recently, it has been shown that the tandem PHD fin-
gers of CHD4, a catalytic subunit of the NuRD (nucleo-
some remodeling and deacetylase) complex, are required
for NuRD complex transcriptional repression. The tandem
PHD fingers concurrently bind both H3 tails within the
same nucleosome, displacing HP1vy from pericentric sites
(Musselman et al. 2012c¢). This interaction is modulated by
PTMs on the H3 tail, with binding enhanced by H3K9me
and H3K9ac marks, and abolished by H3K4me mark.

10 MULTIVALENT READOUT BY LINKED BINDING
MODULES AT THE NUCLEOSOMAL LEVEL

Although the emphasis of structure—function studies in-
vestigating the readout of Kme marks has been perfomed at
the peptide level, the major challenge has been to extend
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these studies to the nucleosomal level. Recent progress in
this area centers on the BPTF PHD-bromo cassette de-
scribed in Section 9.1 at the H3 peptide level, now outlined
below at the nucleosomal level.

10.1 PHD Finger-Bromo Cassette

In a seminal contribution, Ruthenburgetal. (2011) extend-
ed studies of the readout of dual histone marks by the BPTF
PHD-bromo cassette from the peptide to the nucleosomal
level, thereby experimentally validating aspects of multiva-
lent engagement of chromatin marks by linked binding
modules (Ruthenburg et al. 2007b). Contrary to peptide
level analysis, they showed that the bromodomain of BPTF
displayed discrimination among different acetylated lysines
on H4 (K12ac, Kl6ac, K20ac) with marked selectivity for
H4K16ac in combination with H3K4me3 at the mononu-
cleosomal level (Fig. 12D). This is corroborated by the ob-
servation that a significant pool of nucleosomes in vivo are
doubly modified for H3K4me3 and H4K16ac and the dem-
onstration that the BPTF PHD-bromo cassette colocalizes
with the H3K4me3 and H4K16ac marks in the genome
(Ruthenburg et al. 2011). Intriguingly, the writers of these
marks—MLLI for H3K4me3 and MOF for H4K16ac—in-
teract with each other (Dou et al. 2005). Structure-based
modeling suggests that the BPTF PHD-bromo cassette can
potentially be snugly docked on a mononucleosome, with
bound PHD finger and bromodomains simultaneously
recognizing adjacently positioned H3 and H4 tails (Ruth-
enburg et al. 2007b).

11 ALTERNATE FUNCTIONAL ROLES FOR
PHD-BROMO CASSETTES

Recent structure—function studies have identified new
non-chromatin-associated roles for the PHD-bromo cas-
settes beyond their identities as multivalent readers of Kme
and Kac marks at the peptide (Sec. 9.1; Li et al. 2006) and
nucleosomal level (Sec. 10.1; Ruthenburg et al. 2011). Two
examples are described here, outlining alternate mecha-
nisms of functional synergy between the PHD finger and
bromodomain in the PHD-bromo cassette.

11.1 PHD Finger as an E3 SUMO Ligase
of Adjacent Bromodomain

The PHD-bromo cassette of the KAP1 (KRAB-associated
protein 1) corepressor binds neither the expected Kme nor
Kac marks under conditions in which both reader domains
interact extensively with each other (Ivanov et al. 2007;
Zeng et al. 2008). Rather, the PHD finger unexpectedly
functions as an intramolecular E3 small ubiquitin-related
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modifier (SUMO) ligase, which through interaction with
the E2 enzyme facilitates SUMOylation of the linked bro-
modomain. This recruits the NuRD complex via SUMO-
interacting motifs to facilitate the establishment and stabi-
lization of silent chromatin. This silencing occurs through
the NuRD-catalyzed deacetylation of nucleosomes, which
stimulates SETDBI (an H3K9 KMT) to methylate H3K9.
This mark is, in turn, targeted by HP1vy to induce the si-
lenced state (reviewed in Peng and Wysocka 2008). It should
be noted that site-specific phosphorylation of a Ser located
near the bromodomain of KAP1 appears to inhibit KAP1
SUMOylation (Li et al. 2007b), implying a role for PTM-
mediated cross talk in the regulation of KAP1 function.

11.2 PHD-Bromo Cassette as a Regulatory Platform

The MLLI gene is essential for embryonic development and
hematopoiesis, as well as a frequent target for recurrent
chromosomal translocations, resulting in transformation
of hematopoietic precursors into leukemia stem cells.
MLL1 has been shown to maintain Hoxa9 expression in
stem and progenitor cells, yet is also required for Hoxa9
silencing during blood cell maturation. Failure to silence
results in the expansion of self-renewing progenitor cells
and the onset of leukemia (reviewed in Grow and Wysocka
2010). Indeed, induction of the epigenetically regulated
switch during haematopoiesis depends on the PHD finger
3 of MLLI1 (Xia et al. 2003), given its loss results in the
immortalization of hematopoietic stem cells (Chen et al.
2008). The MLL1 PHD3-bromo cassette is targeted by the
cyclophilin CyP33, composed of PPIase (peptidyl prolyl
isomerase) and RRM (RNA recognition motif) domains.
Functional studies have established that the MLL1-CyP33
interaction is required for the histone deacetylase-mediated
repression of HOX target genes during blood cell matura-
tion in vivo (Fair et al. 2001; Xia et al. 2003). Structural and
biochemical studies show that the PPlase domain of CyP33
regulates the conformation of the MLL1 PHD-bromo cas-
sette (Fig. 13A). It does this through cis-trans isomerization
of a linker proline, thereby disrupting the PHD3-bromo
interface and facilitating access of an otherwise occluded
MLLI1 PHD3 finger in the cassette to the Cyp33 RRM do-
main (Fig. 13B) (Wang et al. 2010b). This perspective is
supported by an NMR-based structure of a segment of the
MLL1 PHD finger bound to the Cyp33 RRM domain (Fig.
13C), which implies that the H3K4me3 mark and RRM
domain target distinct surfaces of PHD3 and, further, can
integrate distinct regulatory inputs by coexisting as a ter-
nary complex. Collectively these results highlight the role of
the MLL1 PHD3-bromo cassette both as a regulatory plat-
form and a switch; the cis-trans proline isomerization with-
in the linker segment connects H3K4me3 readout (see Fig.
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Figure 13. Structures of BPTF PHD-bromo cassette with cis and
trans linker prolines. (A) 1.72-A crystal structure of the MLL1
PHD-bromo cassette with a cis linker proline (circled in red) in the
free state (PDB: 3LQH). The PHD finger and bromodomain are
colored in green and blue, respectively. (B) Model of the MLL1
PHD-bromo cassette with a trans linker proline (circled in red)
with this alignment stabilized by a bound RRM domain of CyP33
(magenta). (C) NMR solution structure of the complex containing
the MLL1 PHD?3 fragment (1603-1619, in green) and RRM domain
of CyP33 (2-82, in magenta) (PDB: 2KU?7).

11B) to CyP33 and HDAC-mediated repression (Wang
et al. 2010b). Given that cellular RNAs can compete for
the RRM motif in CyP33, unanswered questions remain
as to the potential role of RNAs in the targeting, stabiliza-
tion, and/or release of CyP33 from MLLI. Two additional
studies on this system have focused solely on the binding of
CyP33 to the MLL1 PHD3 finger in efforts to provide
insights into regulation by CyP33 of MLL1-mediated acti-
vation and repression (Hom et al. 2010; Park et al. 2010).
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12 CROSS TALK BETWEEN HISTONE MARKS

A notable feature of histone tails is their extreme density
(adjacent or closely spaced) and variety of marks (see Fig. 6
of Allis et al. 2014). In some cases, a single amino acid such
as lysine can be labeled by more than one kind of mark,
including methylation, acetylation, or ubiquitination (e.g.,
H3K9). Such features have led to the concept of dynamic
“binary switches” in which the readout of one mark is
modulated by an adjacent/nearby second mark, thereby
impacting on processes ranging from gene transcription,
DNA replication, repair, and recombination (reviewed in
Fischle et al. 2003a,b; Latham and Dent 2007; Garske et al.
2010; Oliver and Denu 2011). In this regard, the concept
of “modification cassettes” was proposed (Fischle et al.
2003a), in which the segment of a histone tail consists of
adjacent positions that are subject to different modifica-
tions, such as the R2(me)-T3(ph)-K4(me) and R26(me)-
K27(me/ac)-S28(ph) segments on H3 (Fig. 1B). Thus,
the readout of lysine methylation marks can be impacted
by nearby serine/threonine phosphorylation, arginine
methyation, lysine acetylation, and lysine ubiquitination
marks. These can occur in cis within the same histone
(intrahistone), in trans between histone pairs (interhistone,
e.g., between H3 and H4), or even within (intranucleoso-
mal) or across (internucleosomal) nucleosomes (see Fig.
10 of Allis et al. 2014). The binding of a reader module to a
mark has the potential of sterically blocking an adjacent
modification site or, conversely, may recruit an additional
module to modify neighboring residues. Several examples
of such cross talk are outlined below, with a complete list-
ing of cross-regulation of histone marks found in com-
prehensive reviews (Latham and Dent 2007; Oliver and
Denu 2011).

Genome-wide location analysis has uncovered the
combinatorial patterns of histone marks and chromatin
regulators along the genome in human cells (Ram et al.
2011). This study established that specific combination of
chromatin marks and regulators colocalize in characteristic
patterns with distinct genomic regions and chromatin en-
vironments. Interestingly, the chromatin regulators retain
their modular and combinatorial associations even during
redistribution to different loci as a function of cell type.

12.1 Kme-Sph Cross Talk

An examination of histone tail sequences indicates that
lysines and serine/threonines are often proximally posi-
tioned in sequence. Examples on H3 include Thr3-Lys4,
Lys9-Ser10, Thr22-Lys23, Lys27-Ser28, and Lys79-Thr80
(Fig. 1A). To take an example, Lys9 and Ser10 occupy ad-
jacent positions on the histone H3 tail, with methylation of
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lysine a more stable mark than phosphorylation of serine.
The H3K9me3 mark (written by the Suv39h KMT) serves
as a recruitment site for HP1, involved in heterochromatin
formation. Phosphorylation of adjacent Ser10 is written by
the mitotic kinase Aurora B during mitosis, resulting in the
ejection of HP1 from the adjacent H3K9me3 mark (Fischle
et al. 2005; Hirota et al. 2005). Subsequent dephosphory-
lation of Ser10 at the end of mitosis reestablishes the asso-
ciation of HP1 with the H3K9me3 mark. These studies thus
point to a “methyl/phospho switch” that dynamically
controls the H3K9me3-HP1 interaction, and whose im-
pairment impacts on chromosome alignment and segrega-
tion, spindle assembly, and cytokinesis.

The proposed methyl/phospho switch also plays a role
in the recognition of the H3K4me3 mark by the PHD fin-
ger domains of BPTF and RAG2 (discussed in Sec. 2.1), and
the tandem chromodomains of CHD1 (Sec. 4.1). Through
the use of peptide microarrays containing a library of com-
binatorially modified histone peptides, the recognition of
H3K4me3 by reader modules was found to be either
blocked or attenuated when Thr3 or Thr6 were phosphor-
ylated (Fuchs et al. 2011). The same conclusions were ob-
tained by a parallel investigation, which also showed the
structural basis for a 20-fold decrease in ING2 PHD finger
binding affinity to H3K4me3, when Thr6 is phosphorylat-
ed and no longer able to be accommodated into the shallow
pocket that targets the side chain hydroxyl of Thré6 (Garske
et al. 2010).

The association of UHRF1 with the H3K9me3 mark
through its tandem Tudor domain is insensitive to phos-
phorylation at the adjacent S10 site (Rothbart et al. 2012),
unlike the cell-cycle restricted HP1 binding to H3K9me3. It
appears that interactions between the side chains on the
H3K9me3 reader modules and S10ph determine whether
the reader module bound to H3K9me3 is retained or
released on phosphorylation of S10. Thus, replacement of
an Asn in the tandem Tudor domain of UHRF1 by Glu/
Asp makes readout sensitive to phosphorylation of Ser10.
Thus, given that the UHRF1 tandem Tudor domain is the
only H3K9me3 reader that is insensitive to the K9me-
S10ph switch, its function may be important in tethering
DNMT1 to chromatin through mitosis in heterochromatic
regions that require considerable maintenance of DNA
methylation.

In another noteworthy study, the nonreceptor tyrosine
kinase JAK2 was shown to phosphorylate Tyr41 on histone
H3 in the nucleus of haematopoietic cells, thereby exclud-
ing HPla from targeting an adjacent presumably lysine
methylation site using its chromoshadow domain (Dawson
et al. 2009). There are also examples of methyl/phospho
switches in nonhistone proteins such as the S. cerevisiae
Daml protein (Zhang et al. 2005).
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12.2 Kme-Kac Cross Talk

A number of histone mark combinations have been shown
to be synergistic or antagonistic. A few examples are de-
scribed below.

The ING4 association with chromatin provides an ex-
ample of synergistic Kme3-Kac cross talk. The PHD finger
of ING4 (inhibitor of growth 4) targets the H3K4me3
mark. ING4 is a subunit of the HBO1 HAT complex, and
acetylation activity augments the recognition of H3K4me3
on H3 tails in cis. This effectively activates ING4 target
promoters and attenuates cellular transformation through
its tumor-suppressor activity (Hung et al. 2009).

An antagonistic cross talk in cis (intrahistone) is ob-
served between H4K20me3 and acetylation of lysines to-
ward the amino terminus of H4; hyperacetylation of H4
antagonizes H4K20me3, and the reverse also holds, in
which H4K20 methylation appears to inhibit acetylation
of H4 (Sarg et al. 2004).

Another synergistic cross talk example occurs in trans
(interhistone) in human cells; the H3K4 methylating MLL1
associates with the H4K16 acetylating MOE, thereby poten-
tially linking these two marks during transcription (Dou
et al. 2005).

12.3 Kme-Rme Cross Talk

The amino-terminal A1-R2-T3-K4 sequence of histone H3
has methylation sites on both R2 and K4 (Fig. 1A,B). The
arginine methyltransferase PRMT6 deposits the asymmet-
rical R2me2a mark on H3 and this mark is distributed
within the body and the 3’-ends of human genes (Guccione
et al. 2007; Hyllus et al. 2007; Kirmizis et al. 2007). Antag-
onistic cross talk between the R2Zme2a and H3K4me3 mark
seems to occur; that is, the R2me2a mark is prevented by
the H3K4me3 mark and, conversely, the H3R3me2a mark
prevents trimethylation of H3K4 by the MLL1 KMT and
its associated factors (ASH2 and WDR5). It is conceivable
that this mutual antagonism reflects the inability of WDR5
to recognize the H3R2me2a mark and, hence, is unable
to recruit MLLI necessary for H3K4 trimethylation (Guc-
cione et al. 2007). Certainly, in S. cerevisiae, the H3R2me2a
mark appears to occlude binding by the Set] KMT via the
Spp1 subunit PHD finger, necessary for H3K4 trimethyla-
tion (Kirmizis et al. 2007).

In another example, binding studies showed that rec-
ognition of unmodified H3K4 (me0) by the AIRE (auto-
immune regulator) PHD finger is abrogated by H3R2me2
in vitro; this results in the reduction of AIRE target gene
activation (Chignola et al. 2009).

Section 2.1 introduced the RAG2 PHD finger as being
able to bind to the dual H3R2me2sK4me3 mark in vitro. In
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a follow-up study, high levels of the H3R2me2sK4me3 dual
mark were found at antigen receptor gene segments poised
for rearrangement (Yuan et al. 2012). Strikingly, this dual
mark colocalizes at active promoters throughout the ge-
nome, with the implication that readout of the K4me3
mark on H3 can be modulated by the R2me2s mark.

12.4 Kme-Kub Cross Talk

Early studies established that ubiquitination (Ub) of his-
tone H2B regulates H3 methylation and gene silencing (Ng
et al. 2002; Sun and Allis 2002; Lee et al. 2007; reviewed in
Shilatifard 2006). This has been elegantly investigated fol-
lowing the generation of designer mono- and dinucleo-
somes incorporating a site-specific ubiquitination mark
on H2B at Lys120 (McGinty et al. 2008). Biochemical stud-
ies established that histone H2BK120-monoubiquitination
(H2BK120ubl1) stimulated intranucleosomal methylation
of H3K79 (illustrated in Fig. 12 of Allis et al. 2014).
This observed cross talk is mediated by the catalytic domain
of hDotl, potentially through an allosteric mechanism
(McGinty et al. 2008).

These Kme-Kub cross talk studies have been recently
extended to the Drosophila MSL complex system, which
regulates dosage compensation (the topic of Lucchesi and
Kuroda 2014); H2B ubiquitination by MSL1/2 directly
regulates H3K4 and H3K79 methylation through intranu-
cleosomal trans-tail cross talk both in vitro and in vivo (Wu
et al. 2011b). Given that MSL1/2 activity contributes to
transcriptional activation at HOXAI and MEISI loci, the
MSL complex shows two distinct chromatin-modifying ac-
tivities: MSL1/2-mediated H2BK34 ubiquitination and
MOF-mediated H4K16 acetylation (see Fig. 3 of Lucchesi
and Kuroda 2014). These studies provide insights into the
underlying intricate network of interactions whereby chro-
matin-modifying enzymes function coordinately to pro-
gram gene activation.

13 HISTONE MIMICS

In the above sections, we have largely outlined structure—
function studies on the readout of methylation marks on
histone tails by reader modules. This has raised the ques-
tion of whether nonhistone chromatin proteins also use
similar modification-recognition systems. In this regard,
recent advances have highlighted the identification of “his-
tone mimics” as a distinct set of nonhistone proteins that
can have PTMs (Kme, Kac, Yph) written and read in a
similar fashion to histone proteins. In this article, the focus
will be on studies of histone mimics that are methylated,
thereby expanding our insights of methylated lysine recog-
nition principles beyond the boundaries of histones. We
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outline, below, four examples of histone mimicry involving
methylated lysine marks on nonhistone proteins function-
ing in chromatin-templated processes, including KMTs,
tumor suppressors, RNA polymerases, and influenza viral
proteins.

13.1  GY9a Methyltransferase

Our first insights into histone mimics emerged from struc-
ture—function studies on a member of the Suvar(3-9) fam-
ily of SET domain lysine methyltransferases called G9a.
This KMTwrites methylation marks on H3KO9. In a striking
result, G9a was shown to be a self-methylating KMT, tri-
methylating itself at K165 and di- and trimethylating K94
(Sampath et al. 2007). These Kme sites in G9a have marked
sequence similarity to H3K9 sites and are in vivo binding
targets for the chromodomain protein HP1. Recognition of
the G9aK165me3 mark by HP1 can be reversed by concom-
itant phosphorylation of adjacent Thr166. Thus, G9a con-
tains a lysine methylation cassette that mimics features of
sequence context, reader module recognition, and regula-
tion by phosphorylation (Sampath et al. 2007), which are
characteristic features of histone lysine methylation.

13.2  p53 Tumor Suppressor

The transcriptional activity of the tumor suppressor p53 is
modulated by multiple PTMs. Three lysine residues within
its regulatory carboxy-terminal domain (CTD) undergo
methylation by KMTs at Lys370, Lys372, and Lys382. The
DNA repair factor 53BP1 (p53-binding protein 1) uses its
tandem Tudor domain to recognize p53 during DNA dam-
age via the K382me2 mark. Structural studies on the com-
plex established that the p53K382me2 mark inserts into the
aromatic-lined pocket of the tandem Tudor domain of
53BP1 in a similar manner to H4K20me2 (Roy et al.
2010). The adjacent His380 and Lys381, in a HKKme2
sequence context, contribute to the sequence specificity
of molecular recognition (K4 = 0.9 pum). ChIP and DNA
repair assays suggest that recognition of the p53K382me2
mark by the tandem Tudor domains of p53BP1 may facil-
itate accumulation of p53 at DNA damage sites and pro-
mote repair.

p53K382mel is generated by the SET8 KM T and recog-
nized by the MBT repeats of L3MBTL1 (whose structure is
illustrated in complex with Kme2-containing histone pep-
tides in Fig. 6) (West et al. 2010). Functionally, the activa-
tion of p53 by DNA damage is coupled with a decrease in
p53K382mel levels and, hence, an abrogation of the p53-
L3MBTLI1 interaction, which causes the dissociation of
L3MBTLI from p53 target promoters. This study provides
a mechanistic explanation for the basis by which the MBT
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repeats of L3AMBTLI1 link SET8-mediated p53 methylation
at Lys382 to regulate p53 activity (West et al. 2010).

13.3 Carboxyl Terminus of RNA Polymerase Il

The RNA polymerase II CTD can be modified by site-spe-
cific methylation of Argl810. This modification, along
with Ser2 and Ser5 phosphorylation, is essential for tran-
scriptional initiation and elongation (Sims, III et al. 2011).
Given that RNA polymerase II participates in chromatin-
templated processes, the R1810me mark within the CTD
mimics Arg methylation observed in histone tails.

Interestingly, the Tudor domain-containing protein
TDRD3, but not SMN and SPF30, binds to the R1810
me2a-containing CTD peptide, but not to its mono- or
symmetrically dimethylated counterparts. This is in addi-
tion to its binding to histone tail sites discussed in Section
6.1. Mutation of the aromatic cage residues of the TDRD3
reader results in a loss of binding to the R1810me2a-con-
taining CTD peptide.

13.4 Carboxyl Terminus of Influenza Virus
NS1 Protein

In a landmark study, Marazzi et al. (2012) describe the
suppression of the antiviral response by an influenza his-
tone mimic residing within the carboxyl terminus of the
viral NS1 (nonstructural protein 1) protein. The NS1 pro-
tein of the H3N2 influenza virus subtype contains an ARSK
(Ala-Arg-Ser-Lys) sequence that is similar to the amino-
terminal ARKS sequence of histone H3 (Fig. 1A). The SET1
KMT, which methylates H3K4, an activation mark, also
methylates the lysine in the ARSK sequence of NSI, sup-
porting the notion of histone mimicry by NS1. Normally,
hPAF1C (PAF1 transcription elongation complex) func-
tion is potentiated for the transcriptional elongation of
inducible antiviral gene sets when methylated H3K4 tails
bind to it. The binding of the methylated NSI mimic to
hPAF1C sequesters it and the methylating Setl enzyme
from acting at the hosts normal genomic targets, thus in-
terfering with the gene transcription program of the host
cell. Therefore, histone mimicry provides a selective advan-
tage to viruses by inducing specific suppression of host
antiviral gene transcription (also discussed in Sec. 7 and
Fig. 12 of Busslinger and Tarakhovsky 2014).

14 READOUT OF FULLY METHYLATED 5mCpG
SITES ON DNA

DNA methylation may exert its repressive effect on tran-
scription as a consequence of 5mC marks serving as dock-
ing sites for 5mC-binding proteins, which, in turn, recruit
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corepressors that can modify chromatin. In this section,
we discuss structural studies involving 5mCpG-binding
(MBDs) proteins and their zinc-finger counterparts, in-
cluding Kaiso, bound to 5mC sites on duplex DNA.

14.1 Methylcytosine-Binding Proteins

Two MBD protein structural complexes are described be-
low: first, the MBD1 protein and then MeCP2, bound to
symmetrical 5mCpG/5mCpaG sites. These structures illus-
trate the different principles by which recognition of 5mC
marks occurs on duplex DNA.

MBD1 is a transcriptional regulator containing an ami-
no-terminal 5mCpG-binding domain and a carboxy-ter-
minal transcription repression domain (illustrated in Fig. 8
of Li and Zhang 2014). The MBD domain targets methyl-
ated CpG islands of tumor suppressors and imprinted
genes, thereby inhibiting their promoter activities in coop-
eration with the transcription repressor domain. An NMR-
based solution structure has been solved for the complex of
MBD1 with a DNA duplex containing a fully methylated
5mCpG/5mCpaG step (1 protein bound per DNA duplex).
In this structure, loops project from the protein core (an
o /B sandwich composed of four B-strands and an «-helix)
and interact with the major groove of the DNA duplex
(Fig. 14A) (OhKi et al. 2001). Loop L1 adopts a defined
hairpin-like structure on complex formation and interacts
with one of the DNA strands in the major groove. Loop L2
and a segment of a-helix toward the amino terminus in-
teract with the other DNA strand in the major groove, with
the loop forming base-specific contacts, whereas the helical
segment forms contacts with the sugar-phosphate back-
bone (schematically shown in Fig. 14B). Five protein resi-
dues form a continuous hydrophobic patch that interacts
with the methyl groups of the 5mC residues (indicated by
magenta arrows in Fig. 13B), with distinct interactions
observed for the 5mC residues on partner strands. In ad-
dition, a pair of arginines and a tyrosine interact with gua-
nines of the 5SmCpG sites (indicated by blue arrows), with
binding affinity lost following mutation of the Arg residues.
The small observed protein—DNA interface that is essen-
tially restricted to the 5mCpG/5mCpG binding site sug-
gests that MBD1 should be able to access such sites in the
major groove of nucleosomes most likely without encoun-
tering steric interference.

A second 5mC-binding protein, MeCP2, is of interest
because of its role in the maintenance of neuronal function;
mutations in the MECP2 gene are responsible for the ma-
jority of cases of Rett syndrome, a late-onset autism spec-
trum disorder (discussed more extensively in Li and Zhang
2014 and Zoghbi and Beaudet 2014; see also Amir et al.
1999). The crystal structure of MeCP2 bound to a 5mCpG/

30

MBD (MeCP2)
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Figure 14. Structures of methylcytosine-binding proteins bound
to fully methylated 5mCpG DNA. (A) NMR solution structure of
MBDI1 protein bound to fully methylated 5mCpG-containing DNA
duplex (PDB: 11G4). Two loops L1 and L2 are colored in yellow. The
methyl groups of 5mC’s are marked by magenta dotted circles. (B)
Schematic of intermolecular contacts centered about the 5SmCpG/
5mCpaG site involving loops L1 and L2, and the amino-terminal a-
helix adjacent to L2. Methyl group of 5mC is represented by the
magenta circle. Hydrophobic interactions between the 5mC residues
and side chains of MBD1 are indicated by magenta colored arrows.
(C)2.5-A crystal structure of MeCP2 protein bound to fully meth-
ylated 5mCpG-containing DNA duplex (PDB: 3C2I). The methyl
groups of 5mCs are marked by magenta dotted circles. (D) Intermo-
lecular contacts between hydrophilic amino acids of MeCP2 (green
stick representation) and the 5mC groups (magenta dotted circles) in
the major groove of the duplex, including C—He eO hydrogen
bonds to tightly bound water molecules.

5mCpG-containing DNA duplex (Fig. 14C) established
that the methyl groups of 5mC make contacts predomi-
nantly with a hydrophilic surface along the major groove,
including C—He ¢O hydrogen bonds to tightly bound
water molecules (Fig. 14D) (Ho et al. 2008). In addition,
Arg residues are involved in 5mC-Arg-G interactions,
whereby the Arg is positioned in the plane of the guanine
base and locked in place by a salt bridge to the carboxylate
of an Asp, with the guanidinium group of the Arg posi-
tioned directly above the methyl group of the 5mC. The
most frequently mutated residue in Rett syndrome involves
a Thr residue, and it was shown that this Thr plays an im-
portant role in maintaining a structural motif within the
MeCP2 fold (Ho et al. 2008).
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14.2 Methylcytosine-Binding Zn-Finger Proteins

A subset of human zinc-finger-containing proteins have the
capacity to specifically recognize 5mC-containing DNA
(reviewed in Sasai et al. 2010). We outline the results ob-
tained from structural studies of the Kaiso and Zpf57 zinc-
finger proteins bound to symmetrical 5mCpG/5mCpG
sites on duplex DNA.

Kaiso is a methylated DNA-binding factor involved in
noncanonical Wnt signaling. It contains an amino-termi-
nal BTB/POZ (BR-C, ttk and bab/Pox virus and Zn finger)
domain involved in protein—protein interactions and
three mCG-DNA-binding carboxy-terminal zinc fingers
(Cys,His, coordination) that repress transcription by re-
cruiting chromatin-remodeling compression machinery
to target genes (reviewed in Clouaire and Stancheva
2008). Recently, structural studies of the zinc-finger do-
mains of Kaiso bound to a pair of sequential symmetrically
methylated 5mCpG/5mCpG DNA sites from the E-cad-
herin promoter region have elucidated the details underly-
ing the recognition process, in which 1 Kaiso molecule is
bound per DNA duplex (Buck-Koehntop et al. 2012). The
side chains of the first two zinc fingers target the major
groove through base-specific recognition mediated by clas-
sical and C—H e ¢ O hydrogen bonds, as well as phosphate
backbone contacts. The carboxy-terminal extension fol-
lowing the third zinc finger (disordered in the free struc-
ture) targets the minor groove and contributes to high-
affinity binding (Fig. 15A). The amino-terminal regions
of the first two zinc fingers provide hydrophobic environ-
ments that accommodate the methyl groups of 5mC in the
complex (Fig. 15B). Unexpectedly, the three zinc fingers of
Kaiso span a total of 4—5 base pairs, contacting both the
major and minor grooves, in contrast to most other triple
zinc-finger proteins that solely target the major groove and
span a total of 9—10 base pairs (Wolfe et al. 2000). Func-
tionally, Kaiso DNA-binding sites are limited to target
genes regulated by the Wnt signaling pathway that play
key roles in early development and tumor progression.
Kaiso targets and silences aberrantly methylated DNA re-
pair and tumor-suppressor genes, acting oncogenically to
contribute to tumor progression (Lopes et al. 2008).

The structure of tandem zinc fingers (C,H, coordina-
tion) of the Zfp57 transcription factor and a DNA duplex
containing a fully methylated 5mCpG/5mCpG-step within
the T-G-C-5mC-G-C sequence element (1 Zfp57 bound
per DNA duplex) has been solved at high resolution (Liu
et al. 2012). Zfp57 is expressed during very early embryo-
genesis, and is responsible for the maintenance of paternal
and maternal imprinted loci (the topic of Barlow and Bar-
tolomei 2014). Both zinc fingers target the DNA major
groove on complex formation and together span 6 base
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pairs without perturbing the B-DNA conformation (Fig.
15C). The first zinc finger (depicted in green in the figure)
contacts the 5'-T-G-C segment, whereas the second zinc
finger (in blue) contacts the 5mC-G-C segment. The
5mC base is recognized asymmetrically: One case involves
hydrophobic interactions with an Arg side chain (whose
mutation results in loss in binding affinity) and a neigh-
boring 3’-guanine (so called 5mC—Arg-G interaction)
(Fig. 15D), whereas the other case is defined by a layer of
ordered water molecules (Fig. 15E). The binding affinity of
Zpf57 for its DNA target sites is reduced on formation of
ten eleven translocation (Tet)-catalyzed oxidative products
of 5mC such as 5-hydroxymethylcytosines (5hmC) (ex-
plained below in Sec. 16.4). Interestingly, in patients with
transient neonatal diabetes, DNA-binding activity is abol-
ished for two Zfp57 point mutations.

Future studies will have to elucidate the complex net-
work of downstream protein—protein interactions through
which 5mC-binding proteins regulate gene expression im-
pacting on development and oncogenesis.

15 READOUT OF HEMIMETHYLATED 5mCpG
SITES ON DNA

Proteins containing SRA 5mC-binding domains are re-
quired for the establishment and/or maintenance of DNA
methylation in both mammals and plants. As we show be-
low, the SRA domains of mammals and plants use both
common and distinct recognition principles for targeting
their DNA duplex sites. The SRA-containing mammali-
an UHRF1 protein plays a critical role in epigenetic inher-
itance of 5mC marks in a 5SmCpG context. The SUVH
(SU(VAR)3-9 homolog 5) family of proteins in plants,
which contain the 5mC-binding SRA domains, have no
obvious mammalian counterparts, and are more versatile,
given that they target 5SmCpG, 5mCpHpG, and 5mCpHpH
sites.

15.1 Mammalian SRA Domains

Functional experiments initially showed that the protein
UHREF1 plays a critical role in maintaining DNA meth-
ylation in mammalian cells by mediating epigenetic in-
heritance patterns through recruitment of DNMTI to
hemimethylated DNA at replication forks (Bostick et al.
2007; Sharif et al. 2007; reviewed in Cedar and Bergman
2009; Hashimoto et al. 2009). UHRF1 is composed of tan-
dem Tudor, PHD-finger, and SRA domains, with the SRA
domain involved in site-specific recognition of hemi-
methylated 5mCpG/CpG sites on duplex DNA (Fig. 6 of
Cheng 2014). The challenge has been to understand the
molecular basis underlying the ability of mammalian
SRA domains to target hemimethylated 5mCpG/CpG-
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Figure 15. Structures of methylcytosine-binding zinc-finger proteins bound to fully methylated 5mCpG DNA. (A)
2.8-A crystal structure of three zinc fingers of Kaiso protein bound to a pair of fully methylated 5mCpG-containing
DNA duplex (PDB: 4F6N). The first, second, and third zinc fingers are colored in green, blue, and pink, respectively.
Note that although the majority of the intermolecular contacts are with the major groove, involving zing fingers 1
(green) and 2 (blue), there are also contacts with the minor groove, involving zinc finger 3 and the carboxy-terminal
extension of Kaiso. Zinc ions are shown as silver balls. The methyl groups of 5mC are marked by magenta dotted
circles. (B) Intermolecular contacts between amino acids of the first zinc finger (in green) of Kaiso and 5mC groups
in the major groove of the duplex. (C) 0.99-A crystal structure of two zinc fingers of Zfp57 protein bound to a fully
methylated 5mCpG-containing DNA duplex (PDB: 4GZN). Zinc ions are shown as silver balls. The methyl groups
of 5mC are marked by magenta dotted circles. (D) One of the 5mC groups in the Zfp57-DNA complex is involved in
hydrophobic interactions through positioning between an Arg side chain and a neighboring guanine. (E) The
second 5mC in the Zfp57-DNA complex interacts with a layer of ordered water molecules (red circles).

containing DNA and discriminate against both fully meth-
ylated 5mCpG/5mCpG- and unmethylated CpG/CpG-
containing DNA.

Three groups simultaneously solved the structure of
mammalian (human or mouse) SRA domains of UHRF1
in the free state and when bound to 12-mer DNAs contain-
ing a central hemimethylated 5mCpG/CpG site (Arita et al.
2008; Avvakumov et al. 2008; Hashimoto et al. 2008). The
SRA domain uses two loops (designated NKR [Asn-Lys-
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Arg]-containing loop and thumb) projecting from its high-
ly conserved concave face to penetrate both major and mi-
nor grooves centered about the hemimethylated 5mCpG/
CpG site (Fig. 16A), resulting in a 1:1 UHRF1 SRA:DNA
duplex complex. Complex formation results in flipping out
of the 5mC, thereby positioning it in a conserved binding
pocket within the SRA domain, in which it is anchored
through hydrogen-bonding along its Watson—Crick edge,
as well as van der Waals and planar stacking interactions
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Figure 16. Structures of SRA domain-containing proteins bound to hemimethylated 5mCpG DNA. (A) 1.6-A crystal
structure of SRA domain of UHRF1 bound to a hemimethylated 5mCpG-containing DNA duplex (PDB: 2ZKD).
The stoichiometry of the complex is one SRA domain per DNA duplex. The methyl groups of 5mC are marked by
magenta dotted circles. (B) Alignment of the flipped-out 5mC (ring is shaded for clarity) in a pocket within the SRA
domain of UHRFI. (C) 2.37-A crystal structure of SRA domain of plant SUVH5 bound to a hemimethylated
5mCpG-containing DNA duplex (PDB: 3Q0D). The stoichiometry of the complex is two SRA domains per DNA
duplex. 5mC’s methyl groups are marked by magenta dotted circles. (D) Alignment of the flipped-out 5mC (ring is
shaded for clarity) in a pocket within the SRA domain of plant SUVH5.

(Fig. 16B). The nature of the intermolecular contacts in-
volving the flipped-out 5meC will discriminate against
replacement by thymine, with specificity for 5mC over C
conferred by the methyl group fitting precisely within an
available hemispheric-like space. The orphan guanine re-
mains stacked within the helix, with the DNA being both
straight and adopting a B-DNA conformation, despite the
flipping out of the 5mC on complex formation. An Arg side
chain from the NKR-containing loop inserts from the ma-
jor groove side into the cavity vacated by the flipped-out
5mC, in which it hydrogen bonds with both the orphan
guanine and its adjacent cytosine of the CpG step on the
unmodified partner strand. An Asn side chain interacts
with and buttresses this inserted Arg, with both its main
and side chain atoms of Asn positioned to clash with the C
of the CG step, were it methylated. These results nicely
explain why mammalian SRA domains bind exclusively
to 5mCpG/CpG steps by recognizing both the flipped-
out 5mC on the parental and opposing CpG step on the
partner strand (Arita et al. 2008; Avvakumov et al. 2008;
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Hashimoto et al. 2008). Direct contacts involving protein
and DNA are limited to the 5mCpG/CpG segment, indic-
ative of binding and recognition restricted to this site and
independent of flanking sequence.

15.2 Plant SRA Domains

The 5mC-binding capacity of several plant SRA domains
has been characterized, and each has a preference for DNA
methylation in different sequence contexts (Johnson et al.
2007). Binding studies established that the SRA domain of
SUVHS5 differs from other SRA domains in that it binds
DNA to similar extents in all sequence contexts.
Unexpectedly, the structures of complexes containing
the SUVHS5 SRA domain bound to 5mC-containing DNA
in either hemimethylated or fully methylated 5mCpG
contexts, or a methylated 5mCpHpH context, show an
SUVHS5 SRA:DNA duplex stoichiometry of 2:1. These com-
plexes revealed a dual flip-out mechanism in which both
the 5mC from the parental strand and a base (5mC in
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5mCpG/5mCpG context, C in 5mCpG/CpG, or G in
5mCpHpH/HpHpG context) from the partner strand are
simultaneously extruded from the DNA duplex and posi-
tioned within individual binding pockets of SRA domains
(Rajakumara et al. 2011a). The structure of the SUVH5
SRA domain bound to hemimethylated 5mCpG/CpG
DNA duplex is shown in Fig. 16C. The 5mC and C bases
on partner strands are simultaneously flipped out and po-
sitioned in conserved pockets on the symmetry-related
SRA domains with the resulting gaps filled by Gln side
chains projecting from the thumb loops into the minor
groove (Fig. 16D). Interestingly, a second example of a
dual flip out involving 5mC was recently reported for the
recognition of this mark by the Escherichia coli methyl-
specific McrBC (modified cytosine restriction BC) endo-
nuclease (Sukackaite et al. 2012). Thus, mammalian and
plant SRAs use different amino acids originating from dif-
ferent loops while inserting into the duplex from different
grooves of the DNA (compare Figs. 16B and 16D). Com-
plementary functional studies established that a functional
SUVHS5 SRA domain is required for both DNA methylation
and accumulation of the H3K9me2 modification in vivo,
suggesting a role for the SRA domain in recruitment of
SUVH5 to genomic loci (Rajakumara et al. 2011a).

16 PERSPECTIVES AND FUTURE CHALLENGES

In this section, we outline new initiatives and advances, as
well as future challenges, with the promise of enhancing
our current mechanistic understanding of the readout of
histone and DNA methylation marks. On the technology
front, PTMs and their distribution have been identified
and characterized at the genome-wide level using high-
throughput and mass spectroscopic approaches. Chemical
biological approaches have been developed to generate de-
signer nucleosomes containing site-specifically incorporat-
ed histone lysine mark mimics, nonnatural and modified
amino acids, and PTMs. The availability of designer nucle-
osomes should permit attempts at structural characteriza-
tion of multivalent PTM readout at the nucleosomal level.

The contribution of DNA methylation in epigenetic
regulation has been greatly expanded by the identification
of oxidative adducts of 5mC (reviewed in Kriaucionis and
Tahiliani 2014), with current efforts aimed at understand-
ing the role of these new PTMs as novel epigenetic states
and/or intermediates in DNA demethylation. The poten-
tial role of long noncoding RNAs (IncRNAs) in mediating
epigenetic regulation events has received increasing atten-
tion, but the available information from functional studies
hasyet to be matched at the structural level, heightening the
need to understand the molecular basis for protein—RNA
recognition facilitated by noncoding RNAs. Given the ex-
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tensive information on both histone and DNA PTMs,
attention has turned to the cross talk between these marks
and the potential of structural and functional approaches,
which can elucidate the interplay between these marks,
preferably at the nucleosomal level.

Finally, dysregulation of chromatin is associated with
autoimmune, neurological, and age-related disorders, as
well as cancer. We consider the consequences caused by
dysregulation of methylated lysine reader modules on epi-
genetic pathways and outline progress toward the identifi-
cation of small molecules targeted to aromatic pockets
involved in methyllysine readout. Each of these topics is
addressed below in some detail so as to outline ongoing
challenges and the future promise for further progress in
the field.

16.1 Technological Developments at
Genome-Wide Level

There have been several advances in microarray and next-
generation sequencing technology that have enhanced ap-
proaches that precisely and comprehensively monitor the
emerging patterns of PTM landscapes on a genome-wide
basis. Such approaches have included PTM-modified pep-
tide microarray platforms for proteome-wide identification
of readers of histone marks (specific, or combinations
thereof, discussed in Sec. 12.1) and the use of SILAC (stable
isotope labeling by amino acids in cell culture)-based tech-
nology coupled with mass spectroscopy to identify the nu-
cleosome-interacting proteins that read one or more PTMs
incorporated into designer nucleosomes.

Modified histone peptide microarray platforms have
been developed for high-throughput identification of chro-
matin reader modules, as well as assessing the epitope spe-
cificity of antibodies (Bua et al. 2009). The peptide arrays
were built, for example, of 20-amino-acid-long H3 peptides
that were unmodified or had one or a variety of PTMs. This
approach led to the discovery that the BAH domain of mam-
malian ORCI is a reader of the H4K20me2 mark, and was
followed by the structural and functional characterization of
this interaction and its implications for a dwarfism syn-
drome (Kuo et al. 2012). In another study, a large PTM-
modified randomized combinatorial peptide library con-
sisting only of amino-terminal H3 peptides was developed
to investigate how the specificity of chromatin binding
modules that read the H3K4me3 mark were affected by
other PTMs (Garske et al. 2010). This approach showed
that recognition of K4me3 was modulated by methylation
of Arg2, as well as by phosphorylation of Thr3 and Thr6 on
the H3 tail segment, discussed in Sections 12.1 and 12.3.

An alternate approach for monitoring the Kme3 mark
involved a histone peptide pulldown approach coupled
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with quantitative SILAC proteomics technology to profile
this mark on a genome-wide scale and identify readers of
the Kme3 mark (Vermeulen et al. 2010). In an extension
of this approach, SILAC nucleosome affinity purification
technology based on designer nucleosomes labeled with
specific modification states was used to identify nucleo-
some-interacting proteins regulated by DNA and histone
methylation (Bartke et al. 2010). This study identified com-
ponents of the ORC to be a methylation-sensitive nucleo-
some interactor based on cooperative recruitment by
histone and DNA methylation. In another example, the
recruitment of the jumonji-containing lysine demethylase
KDM2A by methylated lysines on histone tails at the nu-
cleosomal level was disrupted by DNA methylation.

More recently, an interspecies comparative epigenom-
ics approach (using human, mouse, and pig pluripotent
stem cells) has been undertaken to look at DNA and histone
modifications as an approach for annotating the regulatory
genome (Xiao et al. 2012). This approach identified con-
served colocalization of different epigenetic marks with
distinct regulatory functions during differentiation of em-
bryoninc stem cells into mesendoderm cells.

These high throughput advances toward charting his-
tone PTM modifications and the functional organization
of mammalian genomes (reviewed in Zhou et al. 2011)
have led to the development of a website titled the “struc-
tural genomics of histone tail recognition” (Wang et al.
2010a). Further advances are likely to involve both minia-
turization and sensitivity enhancement of the assays so as to
target individual cells in the future. In the longer term, the
coupling of structural biology with these technological ad-
vances in the detection and distribution of PTMs should
provide an improved molecular perspective of the multi-
valent readout of PTMs at the nucleosomal level.

16.2 Chemical Biology Approaches to Designer
Nucleosomes

An emerging multidisciplinary challenge has been to har-
ness the tools of chemical biology to address specific struc-
ture/function problems in chromatin biology, achievable
through the preparation and manipulation of chemically
defined chromatin (reviewed in Allis and Muir 2011; Voigt
and Reinberg 2011; Fierz and Muir 2012). This type of
research could result in an improved understanding of
the underlying basic mechanisms that dictate the folding
and inheritance of chromatin, the multivalent readout of
chromatin marks at the nucleosomal level, as well as the
principles underlying the spreading of PTMs within de-
fined chromatin regions.

One chemical biology approach has been to use recom-
binant histones with lysines site-specifically replaced by
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cysteines. These sites can then be conjugated to introduce
site-specific modifications of the cysteine that acts as a
lysine methylation mimic within histone tails, even at the
nucleosome level. Thus, mimics of methylated lysines have
been introduced by S-alkylation through generation of
N-methylated aminoethylcysteine residues (Simon et al.
2007) and this cysteine-based chemistry has also been
applied to introduce ubiquitin modifications (Chatterjee
et al. 2010) and acetyllysine analogs (Huang et al. 2010).
Such approaches are limited by the standard constraints
associated with mimics not being able to fully replicate
their natural counterparts. Nevertheless, the simplicity of
the cysteine conjugation approach has made it accessible
to the nonchemist and could benefit from further efforts
to mimic additional PTMs, as well as their incorporation in
a multiple mark context.

In an alternate approach, a genetic code expansion
methodology has been developed to introduce into recom-
binant proteins methylation, acetylation, and ubiquitina-
tion marks on Lys and phosphorylation marks on Ser/Tyr
(reviewed in Davis and Chin 2012). The methodology in-
corporates nonnatural and modified amino acids site-spe-
cifically into recombinant proteins through the application
of orthogonal aminoacyl-transfer RNA (tRNA) synthetase-
tRNA pairs that direct incorporation in response to intro-
duced amber stop codon placed in the gene of interest
(reviewed in Liu and Schultz 2010; Davis and Chin 2012).
Improvements in the methodology have resulted in the
incorporation of a wider range of multiple unnatural ami-
no acids (Neumann et al. 2010) and should be extendable
to their multiple PTM counterparts.

The most promising approach for site-specifically in-
corporating PTM:s at the nucleosomal level has been to use
chemical ligation strategies, generating so-called “designer
nucleosomes” containing the marks of interest. It is based
on native chemical ligation chemistry in which a carboxy-
terminal a-thioester-containing peptide reacts with an
amino-terminal cysteine-containing peptide to generate
a normal peptide linkage (reviewed in Dawson and Kent
2000). The corresponding expressed protein ligation (EPL)
version can use a recombinant histone amino-terminal
peptide with an a-thioester building block, which can be
chemically modified to mimic a particular PTM (e.g.,
Kmel), ligated to the remainder of the unmodified core
histone. This approach, when used with yet to be deter-
mined DNA templates that allow more uniform position-
ing of core histones on the DNA, has the potential for being
able to incorporate standard PTMs positioned at multiple
sites on histone tails into mononucleosomes in good yields,
thereby generating designer chromatin for structural and
functional studies (reviewed in Allis and Muir 2011; Fred-
eriks et al. 2011; Voigt and Reinberg 2011; Fierz and Muir
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2012). The potential exists for extending this EPL technol-
ogy to PTM probes site-specifically incorporated into di-
nucleosomes and nucleosomal arrays by ligating the DNA
of preformed nucleosomes. This approach has the potential
to provide more useful and biologically relevant biochem-
ical/biophysical probes. Another challenge that chemical
approaches are trying to tackle is the generation of asym-
metric nucleosomes, in which, for instance, the nucleo-
some contains a copy of a canonical H3.1 and variant
H3.3. Such approaches could set the stage for a better un-
derstanding of the structural consequences of nucleosome
asymmetry. The availability of designer nucleosomes could
also assist toward elucidating a structure-based under-
standing of whether PTMs have an impact on nucleosome
positioning, occupancy, and dynamics and, if so, the con-
sequence of DNA damage on these processes.

Looking to the future, one anticipates the emergence of
high-throughput biochemical approaches that couple li-
braries of PTM designer chromatin with “lab-on-a-chip”
microfabrication methodology facilitated by microfluidic
devices to screen reader modules at the nano scale (see
review by Fierz and Muir 2012). Such studies could identify
new systems for conducting structural studies of PTMs at
the nucleosomal level.

16.3 Histone Mark Readout at the
Nucleosomal Level

The field is moving toward understanding histone PTM
readout at the nucleosomal and chromatin fiber level. It is
very likely that histone modifications may alter structure at
various levels. Not only might it affect the stability and
dynamics of individual nucleosomes, but also the organi-
zation and compactness of nucleosome arrays involving
10-nm ( primary chromatin structure) and 30-nm (second-
ary chromatin structure) fiber formation. Furthermore, it
might affect fiber—fiber interactions leading to higher-or-
der compaction (tertiary chromatin structure) observed in
condensed chromatin (reviewed in Luger et al. 2012). That
is to say, histone PTMs may impact on histone—DNA in-
teractions at the mononucleosomal level, as well as on
short-range and long-range internucleosomal contacts
and the ability of readers targeted to these marks to stabilize
particular chromatin conformations. The potential linkage
of histone PTM patterns with chromatin accessibility, com-
bined with information on nucleosomal positioning, tran-
scription factor binding, and the role of noncoding RNAs,
should thus provide us with a more complete understand-
ing of chromatin structure and function.

Currently, there are several examples of proteins that
bind to the unmodified nucleosome core particle, ranging
from the Kaposi sarcoma herpes virus peptide LANA (Bar-
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bera et al. 2006) to the chromosome factor RCC1 (Makde
etal. 2010) and BAH domain of Sir3 (Armache et al. 2011).
These examples have provided insights into the interac-
tions and common principles (i.e., that all proteins target
the acidic patch on H2A /H2B) associated with protein—
nucleosome recognition (reviewed in Tan and Davey 2011).
Nevertheless, an important emerging challenge is the struc-
tural characterization of complexes between reader mod-
ules and their PTM targets at the nucleosomal, and in the
longer term, nucleosomal array level. Potential candidate
reader modules include isolated domains (PHD fingers
and BAH domains) and cassettes (PHD-bromo dual do-
mains). In addition, the chemical biology approaches men-
tioned in the previous section, capable of generating the
required appropriate PTM-containing designer nucleo-
somes, should provide ideal substrates for such structural
studies. It should also be possible to gain insights into the
spreading of histone marks at a molecular level by struc-
turally characterizing dinucleosome complexes in which
the reader component of a dual reader/writer protein
site-specifically reads a histone mark on one nucleosome
and is positioned to write the same site-specific mark on an
adjacent nucleosome. Such studies could determine wheth-
er there is a directional component to spreading and its
molecular basis, as well as the role of antagonistic PTMs
to spreading, potentially providing molecular insights into
the role of boundary elements.

An even greater and longer term challenge is to struc-
turally characterize PTM-modified designer nucleosomes
bound to ATP-dependent chromatin-remodeling complex-
es (containing reader modules) that either facilitate move-
ment of nucleosomes to different positions on the DNA
(SNF2H family) or those that transiently unravel nucleo-
somes (SWI/SNF family) (reviewed in Clapier and Cairns
2009; also the topic of Becker and Workman 2013). There
has been promising initial progress toward this goal from
X-ray studies on the chromatin-remodeling factor ISW1la
bound to DNA (although the construct lacks the ATPase
domain) and nucleosome-containing complexes of this
system determined by cryo-electron microscopy (Yamada
et al. 2011). Nevertheless, more needs to be performed
toward the structural characterization of the complete sys-
tem, including the use of PTM-modified nucleosomes.

Currently, there is an as yet unresolved controversy sur-
rounding the structure of the compact 30-nm fiber: Does it
consist of a one-start solenoid or two-start zig-zag model
(reviewed in van Holde and Zlatanova 2007; Luger et al.
2012)? It is likely that the 30-nm structure and dynamics
depend on several factors including the type and distribu-
tion of PTMs, linker length, the presence/absence of linker
histones, and concentration of divalent cations. Thus, it has
been shown that the charge change associated with the
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deposition of the H4K16ac mark disrupts formation of
the 30-nm fiber and higher-order chromatin structures
(Shogren-Knaak et al. 2006). This most likely reflects the
disruption of internucleosomal interactions that promote
chromatin folding via the interaction of H4K16 with an
acidic patch on H2A on an adjacent nucleosome. The avail-
ability of designer nucleosomes with site-specifically incor-
porated fluorescence resonance energy transfer probes (see
review by Allis and Muir 2011) could provide handles for
investigating aspects of the architecture and dynamics of
the 30-nm fiber.

Even less is known about higher-order tertiary folded
states of chromatin, and the role of nuclear lamins and
matrix proteins in the anchoring of looped-out chromatin
domains to the nuclear periphery. Much work, however, has
been performed to ascertain the likely genomic regions that
interact with each other (see Dekker and Misteli 2014). It
should be possible to expand on earlier experiments involv-
ing cross-linking agents added in frans to probe higher-
order tertiary chromatin structure (Kan et al. 2009) through
involvement of designer nucleosomes containing site-spe-
cifically incorporated chemical cross-linkers (see review by
Allis and Muir 2011). Given that H3 tails have been shown
to contribute to interarray interactions, the next step would
be to probe the effect of PTMs on higher-order tertiary
folded states of chromatin, which could potentially be elu-
cidated using small optical probes and fluorescence micros-
copy-based biophysical approaches.

16.4 Readout of Oxidative 5mC DNA Adducts

The field of DNA methylation received an unexpected
boost with the discovery of 5hmC, a new PTM found on
cytosines validated in a biological context (described in
Kriaucionis and Tahiliani 2014). One group focused on
the enzymatic activity of Tet proteins, a common fusion
partner of the MLL1 gene in acute leukemia; they showed
Tetl to be a 2-oxogulaterate and Fe*"-dependent hydrox-
ygenase, which catalyzes the conversion of 5mC to 5hmC,
both in vitro and in cultured cells (Tahiliani et al. 2009).
The other group identified 5hmC in neurons and the brain,
constituting 0.6% of total nucleotides in Purkinje cells
and 0.2% in granule cells (Kriaucionis and Heintz 2009).
Both groups predicted a role for 5ShmC in epigenetic reg-
ulation with a potential to influence chromatin structure
and local transcription activity. The significance of these
results was reinforced by the demonstration that Tet1 plays
a role in embryonic stem (ES) cell self-renewal and inner
cell mass specification (Ito et al. 2011; discussed in Reik and
Surani 2014).

Subsequent to identifying 5hmC, it was shown that
5hmC is converted by Tet to 5-formylcytosine (5fC) (Ito
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et al. 2011) and 5-carboxylcytosine (5caC) (He et al. 2011;
Ito et al. 2011) in an enzymatic activity-dependent manner
under in vitro and cell culture conditions. Further, 5hmC,
5fC, and 5caC can be detected in genomic DNA of mouse ES
cells and organs with relative levels governed by the activity
of the Tet proteins. Importantly, 5caC can be specifically
recognized and excised by the enzyme TDG (thymine-
DNA glycosylase); this provided the link for explaining
how the conversion of 5mC to 5caC by Tet, when followed
by the conversion of 5caC to C by TDG as part of the base-
excision repair pathway, could constitute an active DNA
demethylation pathway (He et al. 2011).

The identification of oxidative adducts of 5mC has
led to the development of quantitative methods for 5mC
and 5hmC detection. An oxidative bisulfite sequencing ap-
proach (oxidative conversion of 5hmC to 5fC, followed
by bisulfite conversion of 5fC to uracil ) has been developed
to measure these adducts at single-base resolution (Booth
et al. 2012). This research has identified high 5ShmC levels
at CpG islands associated with transcriptional regulators
and in long interspersed nuclear elements, hinting that
these regions may play a role in the epigenetic reprogram-
ming of ES cells. Genome-wide studies of 5ShmC and Tet1
have established that Tet1 controls 5mC and 5hmC levels in
mouse ES cells by binding to CpG-rich regions thereby
preventing unwanted DNA methyltransferase activity (Xu
etal. 2011).

Functional studies have also identified a dual role of
Tetl in the transcriptional regulation of mouse ES cells,
whereby Tetl promotes transcription of pluripotency fac-
tors, as well as participates in the repression of Polycomb-
targeted developmental regulators (Wu et al. 2011a). A
regulatory link between histone PTMs and Tet has recent-
ly been established; maternal chromatin containing the
H3K9me2 mark binds the maternal factor PGC7 (also
known as STELLA), protecting 5mC from Tet3-mediated
conversion to 5hmC (Nakamura et al. 2012; further ex-
plained in Sec. 3.2 of Reik and Surani 2014).

The above studies suggest that ShmC, 5fC, and 5caC
may either represent new epigenetic states in genomic DNA
and/or key intermediates in DNA demethylation pathways
mediated by Tet and glycosylases/deaminases (reviewed in
Bhutani et al. 2011; Wu and Zhang 2011; Branco et al.
2012). Also, it appears that Tet proteins are important reg-
ulators of cellular identity given that Tet2 is frequently mu-
tated in haematopoietic tumors. It may do this by playing a
key role in DNA methylation fidelity, with perturbation of
Tet levels contributing to DNA hypermethylation pheno-
types associated with certain cancers (reviewed in Williams
et al. 2012; see Baylin and Jones 2014).

At the molecular level, a structure has been solved for a
5caC adduct-containing DNA duplex bound to a human
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thymine DNA glycosylase (hTDG) (Zhang et al. 2012). In
this complex, 5caC s specifically recognized through extru-
sion from the duplex and repositioning in the catalytic
pocket of the enzyme, in which the flipped-out base is
locked through polar interactions with pocket residues.
This result is supportive of proposals that hTDG (together
with Tet) plays a key role in mammalian 5-methylcytosine
demethylation. A related study has reported the structure
of the carboxy-terminal glycosylase domain of MBD4
(methyl-binding domain 4) bound to an extruded 5-hy-
droxylmethyl uridine, a deamination product of 5hmC
(Hashimoto et al. 2012). Future challenges from the molec-
ular perspective should focus on the identification and
structural characterization of readers of oxidative 5mC
marks, and whether such readers can selectively target
and discriminate between 5mC, 5hmC, 5fC, and 5caC
adducts, and whether this requires a base-flipping mecha-
nism for adduct recognition (as illustrated in Fig. 6D of
Cheng 2014).

16.5 A Functional Role for Noncoding
Regulatory RNAs

The vast majority of the human genome is transcribed,
which means there is a much larger repertoire of RNAs
beyond just protein-coding mRNAs (summarized in Fig.
6 of Allis et al. 2014). IncRNAs are generally greater than
200 nucleotide in length and, in many cases, are an integral
component of chromatin. They serve a regulatory role by
interacting with chromatin remodelers and modifiers,
thereby changing the epigenetic status of target genes (re-
viewed in Guil and Esteller 2012; Guttman and Rinn 2012;
Kugel and Goodrich 2012). It is believed that IncRNAs
function at the interface of histone-modifying enzymatic
complexes and the genome, thereby regulating chromatin
states and epigenetic inheritance. The regulation can occur
in cis or trans with the former controlling transcription at or
in close proximity to the segment of the genome from
which the IncRNA is transcribed, whereas the latter controls
transcription at genomic sites removed from its site of tran-
scription. From a different perspective, small RNAs in the
20- to 30-nucleotide range also play a role in directing ef-
fector complexes to target nascent chromatin-bound
IncRNAs, thereby impacting on the recruitment of chroma-
tin-modifying complexes to specific chromosomal regions
(reviewed in Moazed 2009; see Martienssen and Moazed
2014).

Long intergenic noncoding RNAs (lincRNAs) have
been shown to play critical roles in imprinting, dosage
compensation, and homeotic gene expression. One of the
earliest identified lincRNAs acting in cis was XIST, ex-
pressed exclusively from the X chromosome and required
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for X inactivation in mammalian systems (the topic of
Brown et al. 1991; Penny et al. 1996; Brockdorff and Turner
2014). XIST RNA interacts directly with the Polycomb
complex, facilitating condensation of chromatin and ini-
tiating transcriptional repression of the entire X chro-
mosome (reviewed in Lee 2012; Brockdorff and Turner
2014). From the perspective of this article, ~30% of linc-
RNAs are known to associate with chromatin-regulatory
complexes that include writers, readers, and erasers of his-
tone marks. It has been proposed that lincRNAs contribute
regulatory specificity through localization of chromatin
regulatory complexes to genomic DNA targets. Some ex-
amples of trans-acting lincRNAs that control gene tran-
scription by mediating changes in chromatin structure
are HOTAIR (HOX antisense intergenic RNA), ANRIL (an-
tisense noncoding RNA in the INK4 locus), and HOTTIP
(HOXA transcript at the distal tip). We focus below on one
such lincRNA, HOTAIR, whose discovery is described in
Rinn (2014).

HOTAIR is one of the earliest and best-characterized
lincRNAs (2.2 kb in length), expressed from the HOXC lo-
cus on chromosome 12 in human distal fibroblasts (Rinn
etal.2007) and metastatic breast tumors (Guptaetal. 2010).
The 5-domain of HOTAIR interacts with PRC2, whereas
its 3’-counterpart interacts with the LSD1/CoREST/REST
complex, thereby coordinating targeting of PRC2 and LSD1
to chromatin for coupled H3K27 methylation and H3K4me
demethylation. Based on these observations, it has been
proposed that HOTAIR and related lincRNAs could serve
as scaffolds, providing binding surfaces for the assembly
of select histone-modifying enzymes that can specify the
pattern of histone modifications on target genes (Tsai
etal. 2010a).

At the structural level, information is totally lacking
both on the three-dimensional architecture of lincRNAs
as well as the intermolecular contacts at protein—RNA in-
terfaces, accounting for the specificity of the recognition
process. It is likely that the inherent flexibility of lincRNAs
will hinder attempts toward defining their structures in the
free state. Nevertheless, this should be a tractable problem
when considered at the complex level provided the linc-
RNAs adopt compact scaffolds in the presence of bound
protein targets; such successful structural studies have been
conducted on the riboswitch sensing domains bound to
small cognate metabolites (reviewed in Serganov and Patel
2012). It is conceivable that lincRNAs may contain highly
conserved surface patches involved in protein (and RNA
and DNA) recognition and, hence, a tractable approach
would require trimming of the RNA constructs down to
a minimal functional size, preferably in the 200-nucleotide
range (similar in size to the larger riboswitch sensing do-
mains), as well as working with minimal protein constructs,
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so as to facilitate successful crystallization and structure
determination of manageable complexes. Such an effort,
premised on the functional modularity of lincRNAs, if
successful, could provide insights into the RNA secondary
structural elements involved in the recognition process and
the diversity of such intermolecular interactions.

16.6 Linking Histone and DNA Methylation

There has been considerable interest in the potential cross
talk linking histone and DNA methylation in mammals
and the mechanisms underlying the relationships between
these marks (reviewed in Cedar and Bergman 2009), given
that DNA methylation correlates with histone methylation
patterns in genome-scale DNA methylation maps of plu-
ripotent and differentiated cells (Meissner et al. 2008). In
this regard, DNA methylation is inversely correlated with
H3K4 methylation and positively correlated with H3K9
methylation. Relevant questions relate to whether histone
methylation serves as a template for directing DNA meth-
ylation and/or the converse. Other questions include how
the relationship can be addressed on a mechanistic basis
from a combined structural and functional perspective.

A notable example of cross talk is shown by the associ-
ation of UHRF1 with H3K9me3 directing the maintenance
of DNA methylation (Rothbart et al. 2012). UHRFI is a
multidomain protein composed of Ubl, tandem Tudor,
PHD finger, SRA, and RING domains (see Fig. 6 of Cheng
2014). DNMT]1 is also a multidomain protein composed
of RFD, CXXC, BAH1/2, and methyltransferase domains.
Structures are available for the UHRF1 tandem Tudor do-
main bound to H3K9me2/3 (Nady et al. 2011), UHRF1
PHD finger bound to unmodified H3K4 (Rajakumara
et al. 2011b), and UHRF1 SRA domain bound to hemi-
methylated CpG DNA (Arita et al. 2008; Avvakumov et al.
2008; Hashimoto et al. 2008), as well as for truncated
DNMT1 constructs bound to unmodified CpG (Song
et al. 2011) and hemimethylated 5mCpG (Song et al.
2012) sites on DNA. Recent functional studies have shown
that UHRF1 association with the H3K9me2 /3 histone mark
via its tandem Tudor domain is required for the mainte-
nance of DNA methylation, and this association is insensi-
tive to phosphorylation at adjacent Ser10 (Rothbart et al.
2012). It was further established that mitotic binding of
UHRF]I to methylated H3K9-containing chromatin stabi-
lizes DNMT1 and contributes to maintenance DNA meth-
ylation through the cell cycle. It is not clear at this time
whether UHRF1 and DNMT1 can simultaneously bind
and be adjacently positioned on hemimethylated 5mCpG
DNA given that UHRF1 targets unmodified H3K4 (through
its PHD finger), H3K9me2 /3 (tandem Tudor domain), and
5mCpG (SRA domain), whereas DNMT1 targets 5mCpG
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(through its methyltransferase domain) and potentially
other histone PTM:s (through its BAHI and/or BAH2 do-
mains). A future challenge will be to attempt making com-
plexes of UHRF1 and DNMT1 on designer nucleosomes
containing H3K9me2 /3 marks and, if structurally tractable,
to define the relative alignments and interactions between
components of the complex.

Another example of cross talk between histone and
DNA methylation has been noted for the maintenance of
CpHpG DNA methylation in plants (reviewed in Law and
Jacobsen 2010; Pikaard and Mittelsten Scheid 2014). In
this regard, KRYPTONITE (KYP) is a plant histone KMT
that facilitates deposition of K9me2 marks on nucleosomal
H3 tails (Jackson et al. 2002), whereas chromomethylase
CMT3 is a plant DNA methyltransferase that facilitates
deposition of 5mC methylation marks at CpHpG sites on
nucleosomal DNA (Du et al. 2012). Genome-wide profil-
ing of DNA and H3K9 methylation has established a high
correlation between H3K9me2 and CpHpG methylation.
In addition, loss of CMT3 or KYP results in a dramatic
decrease in DNA methylation. It has been proposed that
these two enzymes establish a feedback loop whereby meth-
ylated CpHpG DNA recruits KYP to maintain methy-
lation at H3K9, whereas the H3K9me2 mark recruits
CMT3 to methylate DNA, so completing the feedback
loop. Structural information is available for the complex
of ZMET2 (maize counterpart of A. thaliana CMT3)
bound to H3K9me2 through its chromodomain and
BAH domain (Fig. 2C; Du et al. 2012), but as yet no struc-
tural information is available for KYP (also designated
SUVH4), which contains SRA, pre-SET, SET, and post-
SET domains, either in the free state or when bound ei-
ther to H3K9me2-containing peptide and/or methylated
CpHpG-containing DNA (represented schematically in
Fig. 10B of Cheng 2014). There is also the additional chal-
lenge of elucidating whether direct interactions occur be-
tween histone (KYP) and DNA (CMT3) methyltransferases
in this system and, if so, to elucidate the principles under-
lying recognition.

The take-home message is that a combined structure—
function approach, as shown for the two examples above,
should shed further light on mechanistic aspects of cross
talk linking histone and DNA methylation, which can me-
diate epigenetic regulation in diverse systems (also dis-
cussed in Cheng 2014).

16.7 Chromatin-Based Therapeutic Modalities

There is considerable interest in trying to determine the
consequences of abnormal chromatin regulator expression
and genome alterations and their impact in facilitating
the onset of disease states. The types of diseases being
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looked at range from autoimmune to neurological disor-
ders, and developmental abnormalities to cancer. A natural
follow-up from such studies is research into the develop-
ment of chromatin-based therapeutics, which holds prom-
ise given the potential for reversibility of epigenetic-based
mutations (reviewed in Chi et al. 2010; Dawson and Kou-
zarides 2012).

For example, structure—function studies have high-
lighted that the dysregulation of a chromatin-binding
PHD finger can give rise to hematological malignancies
(Wang et al. 2009). This study examined the consequence
of fusing the carboxy-terminal H3K4me3-binding PHD
finger of the jumonji domain lysine demethylase JARID1A
to nucleoporin-98 (NUP98), a common fusion partner,
thereby generating potent oncoproteins that arrested hae-
matopoietic differentiation and induced acute myeloid leu-
kemia in murine models. The fused PHD finger-NUP98
cassette dominated over polycomb-mediated gene silenc-
ing to lock developmentally critical loci into a perpetually
active chromatin state, essential for leukaemogenesis. In-
terestingly, the aromatic cage in the JARID1A PHD finger,
which binds to H3K4me3 peptide, was composed of two
orthogonally aligned Trp residues. The mutation of either
Trp abrogated H3K4me3 binding, consequently abolishing
leukaemic transformation.

Related studies have evaluated the consequences of so-
matic mutations in the ING PHD fingers on solid tumors
(reviewed in Chi et al. 2010). Also, the impact of INK4/
ARF pathway dysregulation has been investigated in aging
and cancer (reviewed in Kim and Sharpless 2006).

There is very limited literature on inhibitors targeting
the Kme-binding pockets of reader modules, in contrast to
Kac-binding pockets (discussed in Sec. 6.3 of Busslinger
and Tarakhovsky 2014; Sec. 3.5 of Marmorstein and Zhou
2014; Qi 2014; Schaefer 2014; and reviewed in Arrowsmith
et al. 2012). In earlier sections, we have outlined three
general modes of molecular recognition of methylated ly-
sine marks by reader modules. First, higher methylation
state Kme3/2 marks are predominantly recognized within
aromatic-lined cage-type pockets that involve a surface
groove mode of recognition (Fig. 2D) (reviewed in Taverna
etal. 2007). These are open and shallow pockets and, hence,
are difficult to target, and as yet no inhibitors have been
identified for such pockets.

Second, lower methylation state Kmel/2 marks can be
positioned within the aromatic cage of MBT pocket 2 of
L3MBTLI1 (Li et al. 2007a; Min et al. 2007) that involve a
cavity insertion mode of recognition (Fig. 6B) (reviewed in
Taverna et al. 2007). Such pockets are both narrow and deep
and, hence, a promising target for inhibitors. Indeed, a
ligand and structure-guided design approach (Kireev et
al. 2010) has identified UNC669 (Fig. 6D), a pyrrolidine-

40

containing small molecule that targets L3MBTL1 (K4 =
5 wm) and shows fivefold increased affinity compared with
cognate peptide (H4K20mel) binding, as well as selectivity
against close homologs (L3MBTL3 and L3MBTL4) (Her-
old et al. 2011b). An X-ray structure of LASMBTL1 bound to
UNC669 established that the ligand inserts its pyrrolidine
ring system into the aromatic-lined pocket of MBT domain
2, with good shape complementarity between the inserted
ligand and the walls of the pocket (Herold et al. 2011b)
(Fig. 6E).

Third, Kme marks can be recognized by the recently
identified interfacial composite pocket composed of resi-
dues from adjacently positioned reader domains, with rec-
ognition involving favorable van der Waals contacts
associated with a high degree of surface complementarity,
supplemented by a set of carbon—oxygen hydrogen bonds
(Fig. 7C,D) (Iwase et al. 2011). It remains to be seen wheth-
er inhibitors can be designed to target such pockets.

An alternate approach would be to design linked small
molecule inhibitors that can target closely positioned
pockets such as, for instance, those for unmodified K4
and K9me3 on the same histone tail. Progress on develop-
ment of small molecule inhibitors targeted to Kme reader
modules is still in its infancy (reviewed in Herold et al.
2011a) and new approaches will need to be developed for
further progress. In this regard, current drugs have rather
broad specificity profiles, requiring the next-generation
epigenetic drugs to target dysregulated processes with in-
creased specificity.

Recently, it has been shown that HOTAIR lincRNA can
reprogram chromatin states to promote cancer metastasis
(Gupta et al. 2010). HOTAIR expression is increased in
primary breast tumors, with expression levels in primary
tumors a diagnostic predicator for eventual metastasis and
death. In this regard, enforced expression of HOTAIR in
epithelial cancer cells resulted in genome-wide retargeting
of the PRC2 complex leading to altered H3K27 methyla-
tion, together with increased cancer invasiveness and me-
tastasis. These results implicate an active role for HOTAIR
in modulating the cancer epigenome, implying that linc-
RNAs could serve as potential targets for the diagnosis and
therapy of cancer.

Because several protein—lincRNA complexes are in-
volved in disease states, detailed structural information of
intermolecular contacts could lead to directed functional
studies toward identification and implementation of chro-
matin-based therapeutic modalities.
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