1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Biochim Biophys Acta. Author manuscript; available in PMC 2015 December 23.

-, HHS Public Access
«

Published in final edited form as:
Biochim Biophys Acta. 2014 August ; 1839(8): 719-727. doi:10.1016/j.bbagrm.2014.04.011.

Structural biology-based insights into combinatorial readout and
crosstalk among epigenetic marks*

Jiamu Du2P* and Dinshaw J. Patel®™
aStructural Biology Program, Memorial Sloan-Kettering Cancer Center, New York, NY 10065,
USA

bShanghai Center for Plant Stress Biology, Shanghai Institutes for Biological Sciences, Chinese
Academy of Sciences, Shanghai 201602, China

Abstract

Epigenetic mechanisms control gene regulation by writing, reading and erasing specific epigenetic
marks. Within the context of multi-disciplinary approaches applied to investigate epigenetic
regulation in diverse systems, structural biology techniques have provided insights at the
molecular level of key interactions between upstream regulators and downstream effectors. The
early structural efforts focused on studies at the single domain-single mark level have been rapidly
extended to research at the multiple domain—-multiple mark level, thereby providing additional
insights into connections within the complicated epigenetic regulatory network. This review
focuses on recent results from structural studies on combinatorial readout and crosstalk among
epigenetic marks. It starts with an overview of multiple readout of histone marks associated with
both single and dual histone tails, as well as the potential crosstalk between them. Next, this
review further expands on the simultaneous readout by epigenetic modules of histone and DNA
marks, thereby establishing connections between histone lysine methylation and DNA methylation
at the nucleosomal level. Finally, the review discusses the role of pre-existing epigenetic marks in
directing the writing/erasing of certain epigenetic marks. This article is part of a Special Issue
entitled: Molecular mechanisms of histone modification function.

Keywords
Combinatorial readout; Epigenetic regulation; Histone modification; DNA methylation

1. Introduction

Gene regulatory mechanisms that are unrelated to the DNA genetic code have been
classified as epigenetic events, mediated by covalent modifications on histones, DNA and
RNA, chromatin remodeling, micro-RNA mediation, and higher-ordered chromatin
architectures. At the fundamental level, ~146 bp of DNA wraps around a histone octamer,
composed of two copies of the four histone proteins, H2A, H2B, H3, and H4, thereby
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forming the nucleosome core particle [1]. The nucleosome core particle constitutes the basic
building block of chromatin and provides the structural unit and platform for mediating
epigenetic regulation events. The flexible N-terminal tails of histones, which extend from
the nucleosome core segment, contain a range of site-specific posttranslational
modifications, including methylation, acetylation and ubiquitination of lysine, methylation
of arginine, and phosphorylation of serine, threonine and tyrosine residues. In addition,
some residues located within the nucleosome core can also be modified. The multiple
posttranslational modifications on histone tails form specific patterns defined as the ‘histone
code’, with the marks deposited, read and removed by specific enzymes in a sequence- and
modification-specific manner [2]. Both the existence and/or absence of certain
posttranslational modifications or marks on histone tails provide unique docking sites for
specific binding and/or release of downstream effector proteins, resulting in diverse
biological functions including transcription regulation, cell cycle control, differentiation and
apoptosis. In addition to histone tail modifications, DNA methylation at the 5 position of the
cytosine base constitutes another common covalent epigenetic mark, which contributes to
gene silencing [3]. The methylated DNA provides DNA methylation-specific binding sites
for MBD (methyl-DNA binding domains), SRA (SET and RING-associated domains), and
some specific zinc finger-containing proteins [4]. In mammals, DNA methylation mainly
occurs at symmetric CG sites and impacts on important biological processes ranging from
regulation of gene expression, to genome imprinting and X-chromosome inactivation [3,5].
In plants, DNA methylation is much more diversified and occurs at three sequence contexts:
CG, CHG (H refersto A, T, or C) and CHH, and plays an important role in the suppression
of both transposable and repetitive DNA sequence elements [3,5].

Although an individual epigenetic mark may have its own downstream effectors or specific
roles, a complex epigenetic landscape usually requires that the various epigenetic marks
work together, capitalizing on different mechanisms that control the dynamic equilibrium
among marks. In 2003, the C. David Allis laboratory introduced the pioneering concept of
‘binary switches’ and ‘modification cassettes’ to the field and for the first time uncovered
the possible interrelationship among epigenetic marks within a local, closely spaced region
[6]. Systematic recent studies have extended this concept to the specific readout of
combinations of multiple epigenetic marks, which are classified as multivalent readout and
crosstalk among epigenetic marks [7]. The epigenetic marks can work together either in a
compatible or mutually exclusive manner, at the single histone tail level or in the context of
the nucleosome or even the chromatin level, all of which provide insights into the complex
regulation of gene expression by epigenetic mechanisms and deepen our comprehension of
the field.

More than 10 families of different histone modification-specific reader modules and three
methylated DNA-specific reader modules have been characterized by structural approaches
at the histone peptide or isolated DNA level. Several excellent reviews have been written
that have provided a comprehensive overview of the molecular mechanisms associated with
readout of epigenetic marks [4,8-11]. In this review, we would like to primarily focus on the
structural biology of multivalent readout and crosstalk among epigenetic marks. We will
discuss the multivalent readout of histone modifications from the perspective of a single
histone tail, as well as the multivalent readout of histone modifications from different
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histone tails, together with an extension to the concept of multivalent readout at the
nucleosome level. Next, we will expand our understanding of readout of histone
modifications to DNA methylation marks, which constitute an equally important epigenetic
modification. Finally, we would like to elucidate the role of pre-existing epigenetic marks in
directing writing/erasing of epigenetic marks in histone modification and DNA methylation
pathways. The multivalent readout and crosstalk occur both at the single protein level and at
the multiple protein complex level, with this review focused on the former case given the
predominance of the published literature to date on such systems.

2. Multivalent readout of histone marks positioned on a single histone tail

The nucleosome core particle constitutes the basic platform for epigenetic regulation. The
N-terminal tails of histones, which extend out from the core region, contain the majority of
posttranslational modifications compared to the core segment. Thus, a range of epigenetic
marks coexist in a sequential context on the same histone tail, with recognition of multiple
histone marks on the same tail achieved through specific readout by multiple tandem linked
reader modules. With each of the modules recognizing a specific modification, the
combination of two or more modules together can usually promote enhanced binding
affinity on the basis of cooperativity between modules. Such cooperativity can result in
enhanced binding for a given pattern of modifications. Currently, the majority of
documented studies are available for paired chromatin-associated modules [12].

The first reported paired chromatin-associated module which exhibited combinatorial effects
on two or more histone marks was the double bromodomain of TAF|250 (TBP-associated
factor 250 kDa), the largest subunit of TFIID (RNA polymerase 1l transcription factor D)
(Fig. 1A) [13]. The double bromodomain of TAF};250 has two side-by-side pockets, which
serve as acetyllysine-binding pockets, each reflective of a classic bromodomain fold [14].
The isothermal calorimetric titration (ITC) data indicated that the double bromodomain
bound to H4K16ac peptide with a dissociation constant (Kp) of 39 uM. Further, the binding
is 7 to 28 fold enhanced on recognition of di/tetra-acetyllysine-modified H4 peptides
(H4K8ac/K16ac and H4K5ac/K8ac/K12ac/K16ac) [13]. The crystal structure of TAF|;250
double bromodomain in the free state revealed that the binding pockets of the two
bromodomains span a distance of 25 A, thereby serving as a molecular ruler that spans about
seven or more peptide residues (Fig. 1A). This should allow two acetylated-lysines to be
simultaneously read by the linked bromodomains, thereby providing the structural basis for
enhanced binding on recognition of a multiply acetylated H4 tail at the single peptide level
[13]. TAF;250 is the subunit of the transcription factor TFIID, with functional implications
during initiation of transcription. Hyper-acetylation of histone proteins within their promoter
regions represents a hallmark of transcriptionally active genes. The structural studies
provide a plausible mechanism whereby hyper-acetylated promoter regions of
transcriptionally active genes can successfully recruit TAF|;250 with high affinity and
compete against hypo-acetylated genes with weaker binding affinities for TAF};250,
resulting in the initiation of target genes. Nevertheless, the underlying mechanism of
combinatorial readout at the molecular level remains to be established, given the lack to date
of the structure of a multiple acetylated-lysine H4 peptide bound to the double bromodomain
of TAF};250.
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Typically, the PHD (Plant Homeo Domain) finger has been reported to specifically
recognize various epigenetic marks, including the H3K4me3 epigenetic mark or its
unmodified H3K4me0 counterpart, H3K9me3, and H3K36me3 [15,16]. Nevertheless, the
tandem PHD fingers of DPF3b (D4, Zinc and Double PHD Fingers, Family 3b), a BAF
(BRG1- or HRBM-associated factors) chromatin remodeling complex associated protein,
were reported to recognize acetylated histone H3 and H4 tails, with important functional
implications in the initiation of transcription during heart and muscle developments [17].
The DPF3b tandem PHD fingers bound to unmodified H3(1-18) peptide with a Kp of 2.3
UM, which was shown to exhibit an increase in binding affinity by four-fold on acetylation
of H3K14 [18]. The NMR (Nuclear Magnetic Resonance) solution structure of DPF3b
tandem PHD fingers in complex with the H3(1-20)K14ac peptide revealed the structural
mechanism whereby the two PHD fingers cooperatively read the bound H3K14accontaining
peptide (Fig. 1B) [18]. The N-terminal *** group of H3 was anchored within a negatively
charged pocket of PHD2. The Arg2, Lys4 and Lys9 side chains of the histone peptide insert
into the interface between the two PHD finger domains and interact with several acidic
residues from PHD2, as well as some residues from PHD1 (Fig. 1B). The specific
recognition of acetylated K14 was achieved by projecting its side chain into a surface pocket
of PHDL1. It is worth noting that further modification of K4, such as methylation or
acetylation, resulted in a loss of binding affinity by 15 to 20 fold, indicating that recognition
required dual readout of unmodified H3K4 and H3K14ac marks [18]. Thus, the tandem
PHD fingers of DPF3b use its PHD2-PHDL interface and PHD1 finger to accommodate the
unmodified H3K4 and acetylated H3K 14, respectively (Fig. 1B). An adjacent PHD finger
not only generates an additional binding site at the individual domain level, but also creates
one more binding site between the two domains. Such recognition largely extends the
interaction surface and target selection sites, in the process of achieving higher binding
affinity and selectivity. DPF3b functions in the initiation of transcription, a process
characterized by hyper-acetylation within the promoter region. The enhanced binding with
acetylated H3K14 enabled the chromatin remodeling complex to pause at the pre-initiating
locus, while the unmodified H3K4-specific binding allowed the release of the initiated
activation sites, thereby revealing the dynamic regulation of transcription by the different
histone modification patterns. In another example, similar results have been observed for the
double PHD fingers of MOZ (human histone acetyltransferase monocytic leukemia zinc
finger protein), which cooperatively recognized unmodified H3R2 by PHD2 and acetylated
H3K14 by PHD1 [19], using recognition principles similar to those observed for DPF3b.
Although H3K14ac recognition was not observed in the crystal structure of the MOZ
complex due to blockage by a bound acetate molecule, the NMR titration and ITC binding
data successfully located the H3K14ac binding pocket, with acetylation of H3K14
increasing the binding affinity by about three-fold [19]. The enhanced binding affinity of
MOZ for the H3 tail most likely facilitated targeting to the promoter of HOXAO, resulting in
more acetylation of H3K14 marks, thereby resulting in a positive feedback mechanism and
activation of the target gene.

In addition to the tandem readers of the same family of domains, there are additional
combinations of different reader modules within individual multi-domain proteins. The PHD
finger and bromodomain frequently exist adjacent to each other as PHD finger-

Biochim Biophys Acta. Author manuscript; available in PMC 2015 December 23.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Du and Patel

Page 5

bromodomain (PHD-Bromo) cassettes in several multi-domain proteins. Two recent studies
on the combinatorial recognition of histone marks by the PHD-Bromo cassette of TRIM
(Tripartite Motif) family proteins have greatly improved our comprehension on the readout
of multiple histone marks. The TRIM family protein TRIM24 has a C-terminal paired PHD-
Bromo cassette. The PHD finger of TRIM24 can specifically recognize unmodified H3K4
mark using a classic recognition mode (hydrogen bonding to peptide carbonyl and acidic
side chains) as revealed by both the binding studies and the crystal structure of the complex
(Fig. 1C) [20]. Besides, the PHD finger and bromodomain of TRIM24 physically interact
with each other, which raise the possibility that the bromodomain of the PHD-Bromo
cassette may recognize another mark within the same histone tail. Indeed, this postulate was
confirmed by ITC measurements that identified H3K23ac as the mark recognized by the
bromodomain. Further, a crystal structure of TRIM24 PHD Bromo cassette in complex with
H3(13-32)K23ac peptide established the molecular mechanism underlying complex
formation (Fig. 1C). The combination of unmodified H3K4 and H3K23ac increased the
binding of TRIM24 to the H3 tail to a Kp of 0.096 uM, compared with individual binding
with Kp of 2.3 uM and 8.8 uM, respectively [20]. This example presents further structural
insight into a paired module that recognized two tandem marks within a single histone tail,
for which binding studies supported a combinatorial readout mechanism [20]. It is worth
noting that combinatorial readout of the two marks was not structurally visualized in a single
complex due to the difficulty in getting the crystals of such a complex.

Subsequent structural studies on a related TRIM protein, TRIM33, overcame the above
crystallization obstacle and established for the first time how the paired PHD-Bromo
cassette is capable of recognizing multiple histone marks on the same histone tail [21].
TRIM33 has a similar domain alignment to TRIM24, with a C-terminal paired PHD-Bromo
cassette that adopted a similar ternary architecture [21]. The structure of TRIM33 PHD-
Bromo cassette in complex with a H3(1-28)K9me3/K14ac/K18ac/K23ac peptide revealed
the principles underlying multiple readout (Fig. 1D). The PHD finger specifically
recognized the unmodified K4 using a classic recognition mode and K9me3 through
stacking with a tryptophan residue. For acetyllysine recognition, the peptide extended
toward the bromodomain with the K18ac side chain inserted into the binding pocket of the
linked bromodomain (Fig. 1D) [21]. Thus, only K18ac, but not K14ac nor K23ac, was
positioned for correct selection in the context of the bound H3 peptide, indicating that the
sequence context and the distance to the unmodified H3K4 and H3K9me3 contribute to the
selectivity of Kac recognition by the bromodomain. TRIM33 PHD-Bromo cassette exhibits
a Kp of 0.46 pM for the unmodified H3(1-28) peptide (through recognition of unmodified
K4 mark). Addition of K9me3 or K18ac mark enhanced the binding affinity by around two-
fold with Kp values of 0.2 uM and 0.21 pM, respectively. In sharp contrast, the combination
of all the three marks together greatly increased the binding affinity by about 8-fold (Kp of
0.06 uM) [21]. Functionally, the combination of multiple marks greatly enhanced binding
affinity for the H3 tail, facilitating the displacement of chromatin compacting factor HP1
(Heterochromatin Protein 1), and allowed nodal response elements access to Smad4—
Smad2/3 (Similar to Mothers Against Decapentaplegic), thereby resulting in the activation
of relevant genes [21]. This structure—function study was the first to demonstrate multivalent
histone mark readout within a single structure unit.
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3. Multivalent readout of histone marks positioned on different histone tails

Considering that each nucleosome has two copies of histones H2A, H2B, H3 and H4, and
given that nucleosomes are densely distributed along the chromatin, it is conceivable that
histone tails from different nucleosomes could be positioned in close proximity, thereby
allowing readout of histone marks from more than one nucleosome. The multidomain
human BPTF (Bromodomain and PHD Domain Transcription Factor) protein was a well-
studied example to illustrate the combinatorial readout of two histone tails at the single
nucleosome level [22]. BPTF is the largest subunit of the ATP-dependent chromatin-
remodeling complex NURF (Nucleosome Remodeling Factor), which functions in
transcription activation [23-25]. BPTF possesses a PHD-Bromo cassette toward the C-
terminus of the protein. The PHD finger was identified as a reader of the H3K4me3 mark
[26], a conclusion validated by both biochemical binding assays and structure determination
of the complex (Fig. 2A) [27]. The crystal structure of BPTF PHD-Bromo cassette in
complex with H3(1-15)K4me3 peptide highlighted the molecular mechanism underlying
recognition of bound H3 peptide by the PHD finger, with the K4me3 group positioned
within an aromatic cage (Fig. 2A) [27]. The bromodomain of the PHD-Bromo cassette was
connected to the PHD finger through a short a-helical linker [27]. Such a rigid linker
constrained both separation and binding pocket orientations of the PHD finger relative to the
bromodomain, thereby maintaining a constrained architecture within the PHD-Bromo
cassette (Fig. 2A).

As part of an effort to elucidate the molecular function of the bromodomain within the BPTF
PHD-Bromo cassette, peptide arrays containing most known histone acetylation marks were
screened, yielding H4K12ac, H4K16ac, and H4K20ac, as potential binding candidates [22].
At the peptide level, the binding between BPTF PHD-Bromo cassette with H3K4me3
peptide was not affected by the addition of saturating amounts of H4K16ac peptide. In a
reciprocal experiment, the binding between BPTF PHD-Bromo cassette with H4K16ac
peptide was not affected by the addition of saturating amounts of H3K4me3 peptide,
indicating the absence of allosteric cooperativity between these two binding sites at the
peptide level. In contrast, by using designer nucleosomes, obtained by capitalizing on a
histone semi-synthesis approach termed expressed protein ligation [28,29], an in vitro
pulldown assay exhibited a 2 to 3-fold enhanced binding between BPTF PHD-Bromo
cassette with the H3K4me3/H4K16ac doubly-modified nucleosome compared with the
nucleosome containing only the H3K4me3 modification [22]. It was notable that this type of
enhancement was only achieved for the H4K16ac mark but not for the H4K12ac or
H4K20ac marks, thereby establishing that the position of acetyllysine on H4 played a key
role in the simultaneous readout of H3K4me3. Crystal structures of BPTF bromodomain in
complexes with H4K16ac peptide revealed that the peptide can be docked in two opposing
directions (Fig. 2A), indicative of a reduced selectivity. ChlP-seq (Chromatin
Immunoprecipitation-sequencing) data on the localization of the PHD-Bromo cassette
revealed that the distribution of the PHD-Bromao cassette generally correlated with the
H3K4me3 mark but not at all H3K4me3 sites, with its localization better correlated with loci
that were combined with H4 acetylation [22]. This result indicated that the enhancement of
binding to nucleosomes by the BPTF bromodomain can modulate the micro-preference of
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the distribution of BPTF across the chromatin. This work represented an ideal study case on
multivalent readout from a single histone tail to different histone tails.

Another reported example of multivalent readout of multiple histone tails emerged from
studies of DNA methylation in Arabidopsis thaliana. In plants, non-CG DNA methylation
was shown to be abundant and mainly maintained by a family of plant specific DNA
methyltransferases, such as CMT3 (chromomethylase3) [3,30]. The multi-domain protein
CMT3 is composed of an N-terminal BAH (Bromo-Adjacent Homology) domain, a C-
terminal DNA methyltransferase domain, together with a chromodomain embedded inside
the DNA methyltransferase domain [31]. As DNA methylation in plants has been highly
correlated with the histone H3K9me2 modification [32], and the chromodomain has been
shown to be a well-studied histonemethylated-lysine modification recognition module [33],
it appeared conceivable that the chromodomain of CMT3 most likely participated in the
binding of H3K9me2 mark. Indeed, genome wide ChIP-seq data established that CMT3 co-
localized with the H3K9me2 mark [34]. The direct binding between CMT3 and H3K9me2
was further confirmed by ITC and in vitro pull-down assays [34—36]. A surprising
observation that emerged from the ITC binding experiments was that both CMT3 and its
maize homolog ZMET?2 (Zea methyltransferase2) yielded a stoichiometric value of around 2
upon titration with H3K9me2 peptides [34,36], indicative of CMT3/ZMET2 containing two
H3K9me2 binding sites. By ITC titrations with individual domains of ZMET2, both the
chromodomain and the BAH domain were shown to independently target H3K9me2 marks
[34]. A crystal structure of nearly full-length ZMET2 in complex with H3(1-15)K9me2
peptide in which the peptide bound to the chromodomain revealed that the ZMET2
chromodomain used a classic aromatic cage-binding mode to accommodate the H3K9me?2
mark (Fig. 2B) [34]. In another crystal form, the crystal structure of ZMET2 bound to H3(1-
32)K9me2 peptide established that the BAH domain of ZMET?2 also used a classic aromatic
cage to accommodate the H3K9me2 mark (Fig. 2B) [34]. In an effort to establish that both
chromodomain and BAH domain recognition of H3K9me2 exhibited functional relevance,
triple mutations of the aromatic cage residues of either the chromodomain or the BAH
domain when introduced into a cmt3 mutant Arabidopsis strain, resulted in a complete loss
of H3K9me2 binding capacity. Sequencing of CMT3-controlled chromatin loci revealed that
both mutants failed to restore CHG DNA methylation, suggesting that recognition of
H3K9me2 by both domains is essential for its DNA methylation activity in vivo [34]. A
plausible explanation for the requirement of simultaneous recognition of H3K9me2 by both
domains could be that CMT3 has relatively low catalytic activity compared with other
reported DNA methyltransferases such as Dnmtl and Dnmt3a [3,37,38], so that two histone
binding sites are required to direct the enzyme to chromatin regions enriched in H3K9me2
silencing marks, in the process enabling the enzyme to approach the nucleosomal DNA so as
to increase the accessibility to its substrate. A modeling study provided support for this
conclusion by showing that upon superposing a ZMET2 molecule onto the mononucleosome
with its chromo and BAH domains targeted to the two H3 tails, its active methyl donor site
could be positioned with directionality toward the nucleosomal DNA [34]. This study
represented the first structural report of one protein using two different domains
simultaneously to recognize two H3 tails projecting from a nucleosome, thereby shedding
light on epigenetic regulation at the nucleosomal level. Given that H3K9me2 marks are
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densely enriched within heterochromatin regions, it is also conceivable that the CMT3
protein could simultaneously recognize two H3K9me?2 tails from adjacent nucleosomes,
thereby providing a pathway for spreading of CHG DNA methylation across the
heterochromatin region [34]. In addition to ZMET2, the CHD4 (Chromodomain-helicase-
DNA-binding protein 4) and CHDS5 exhibit similar properties. The CHD4 protein possesses
two PHD fingers toward its N-terminus connected by a short linker. Both PHD fingers can
recognize H3 tails with the PHD1 preferably binding to unmodified H3 tail and PHD2
slightly preferring unmodified H3K4 plus H3K9me3 [39]. This linked double PHD module
allows the protein to simultaneously recognize two H3 tails of a mononucleosome or from
adjacent nucleosomes. The CHDS5 displays similar potential to use two tandem PHD fingers
to recognize two H3 tails of nucleosome [40].

4. Multivalent readout of histone modifications in combination with DNA

DNA methylation at the C-5 position of the cytosine base is the most important DNA
modification, a feature conserved from bacteria to higher eukaryotes. In bacteria, DNA
methylation confers protection to the host genome against endonucleases, while invading
foreign DNA lacking this epigenetic mark becomes susceptible to cleavage. In higher
eukaryotes, DNA methylation acts as an important epigenetic marker and has been
associated with a range of important biological process such as gene repression, X-
chromosome inactivation, genomic imprinting and several human diseases [41-43].
Generally, the DNA methylation epigenetic mark is representative of gene silencing or
repression [3,30]. DNA methylation and histone modification are not two independent
systems, but rather exhibit extensive crosstalk between their marks [44]. Therefore, some
proteins are likely to be involved in both recognition of histone and DNA mediated by their
respective marks. A well-established example includes the multi-domain protein UHRF1
(Ubiquitin-like, containing PHD and RING finger domains 1) implicated as a co-factor of
the maintenance DNA methyltransferase Dnmt1, in the process targeting Dnmt1 to
hemimethylated replication forks [45,46]. UHRF1 possesses multiple domains, in which the
N-terminal tandem Tudor and PHD finger domains and the C-terminal SRA domain are of
great interest toward deciphering their role in epigenetic regulation (Fig. 3A). The SRA
domain of UHRF1 can recognize hemimethylated CpG DNA [47]. Crystal structures of
UHRF1 SRA domain in complex with hemimethylated DNA revealed that the SRA domain
used two loops to specifically interact with the DNA and that the 5-methylcytosine was
flipped out and subsequently accommodated within a pocket in the SRA domain, with
stabilization associated with planar stacking contacts, hydrogen bonds and specific
hydrophobic interactions involving the methyl group of 5mC (Fig. 3B) [48-50]. On the
other end, structural studies established that the UHRF1 PHD finger recognized the
unmodified H3 N-terminal tail, with recognition associated predominantly with unmodified
R2 through a network of intermolecular hydrogen bonding interactions (Fig. 3C) [51-53].
The tandem Tudor domain of UHRF1 binds H3K9me3 by a classic aromatic cage
recognition mode as revealed by both X-ray crystallography and NMR structures [54]. Two
further studies of the UHRF1 tandem Tudor-PHD finger cassette in complex with H3K9me3
peptide revealed that the PHD finger can combinatorialy enhance the binding of H3K9me3
to the tandem Tudor domain (Fig. 3C) [55,56]. DNA methylation was enhanced within the
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nucleosomal region relative to the linker region [57]. Thus, it is conceivable that the SRA
domain most likely binds to hemimethylated CpG DNA at the nucleosomal level, which
raises the possibility that UHRF1 might use its three domains (tandem Tudor, PHD finger
and SRA) to coordinately interact with the nucleosome. A structure determination of the
entire UHRF1 protein complexed with the nucleosome might reveal the combinatorial
interaction between histone and DNA.

In addition to H3K9 methylation, H3K27me3 was also reported to be associated with de
nono DNA methylation [58-60]. Different from normal cells, the polycomb complex of
cancer cells can both establish the H3K27me3 mark and recruit the DNA methyltransferase,
with the latter resulting in de novo DNA methylation at certain regions [59]. However, the
underlying molecular mechanism remains unclear. Further, molecular functional studies
could provide approaches for undertaking structural studies.

Examples also include of co-recognition by effector proteins of histone marks and
unmodified DNA. The only such example with structural characterization to date is the
MSL3 (Male-Specific Lethal-3) chromodomain in complex with the H4K20mel peptide and
DNA (Fig. 3D) [61]. The MSL3 chromodomain bound to the GA-rich MSL recognition
element DNA with affinity Kp of 0.4 uM [62]. In the absence of DNA, MSL3 did not show
any binding with tested histone marks. In sharp contrast, in the presence of its target DNA,
MSL 3 selectively recognized H4K20me1l peptide with a Kp of 10 pM, reflective of a DNA-
dependent interaction [61]. In the crystal structure of MSL3 in complex with DNA and
H4K20mel peptide, the chromodomain forms extensive interactions with the minor groove
and the sugar-phosphate backbone of the DNA. In addition, the H4K20me1 peptide interacts
with both the MSL3 protein and the DNA. The H4K20mel mark was accommodated within
an aromatic cage formed by four aromatic residues of the chromodomain. Besides, H4H18
and H4R19 of the peptide are positioned within the DNA minor groove with recognition
mediated by hydrogen bonding interactions (Fig. 3D), indicating that the DNA contributes
to the sequence specific recognition of H4. In this case, the structure established for the first
time that DNA can serve as a cofactor to assist in the specific recognition of an epigenetic
histone mark. Recently, it was reported that the PWWP (Pro-Trp-Trp-Pro) domain of
LEDGF/p75 (Lens epithelium-derived growth factor) can specifically recognize the
H3K36me3mark, as well as non-specifically bind to DNA, which were both monitored by
NMR [63]. The LEDGF PWWP domain showed mM level binding affinity for the
H3K36me3 peptide and about 1.5 pM binding affinity for DNA. In sharp contrast, it binds to
the H3K36me3-containing mononucleosome with a much higher affinity of about 48 nM,
indicative of the combinatorial impact of the combination of two weak binding factors
together achieving a higher binding affinity [63].

5. Epigenetic modification-directed generation of additional epigenetic

marks

Epigenetic mechanisms control multiple gene regulation systems. The generation or
elimination of a certain epigenetic mark usually requires some cellular signal to direct and
trigger the onset of the reaction. This type of regulation works at the epigenetic level,
resulting in epigenetic-mark based feedback and crosstalk between epigenetic marks.
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5.1. Readout of histone marks directs writing/erasing of additional histone marks

The writer and eraser modules of epigenetic marks are often controlled and targeted by some
pre-existing marks as reflected by the frequent coexistence of writer/eraser module with
reader module within a single protein. Several writer proteins also contain reader modules
within the same protein, with the potential for targeting the written product. For instance,
MLL1 (Mixed Lineage Leukemia 1) can use its SET [Su(var)3-9, Enhancer-of-zeste and
Trithorax] domain to deposit the H3K4me3 mark, with this mark in turn subsequently read
by its third PHD finger [64—67]. Similarly, the H3K9me3 methyltransferases G9a and GLP
(G9a Like Protein) have SET domains for deposition of the H3K9me mark, which in turn
use their ankyrin repeat domains to specifically recognize the H3K9me mark [68,69],
suggesting a self-reinforcing feedback loop mechanism. Nevertheless, the lack of direct
interaction between the reader and writer modules makes the structure-based feedback
mechanism beyond current reach for explanation in molecular terms.

Notably, well-characterized systems do exist, such as PHF8 (PHD finger protein 8) and
KIAA1718 (also known as JHDM1D) histone lysine demethylases (KDMs) [70], as well as
the KIAA1718 ortholog from Caenorhabditis elegans, ceKDM7A (Fig. 4) [71,72].
H3K4me3 is an activating mark, while H3K9me2 is a repressive mark. Both PHF8 and
KIAA1718 harbor an N-terminal PHD finger, which targets the H3K4me3 mark and a C-
terminal Jumonji domain, which can demethylate H3K9me?2 or H3K27me2, linking the
activating mark to the removal of a repressive mark within a single protein context. In the
structure of PHF8 in complex with a H3(1-24)K4me3/K9me2 peptide and NOG (N-
Oxalylglycine) cofactor, the PHF8 adopted a bent conformation such that the K4me3
binding pocket within the PHD finger was positioned in close proximity to the demethylase
active site which accommodated the K9me2 mark (Fig. 4A) [70]. Thus, binding of
H3K4me3 enhanced the accessibility of the Jumonji domain to the H3K9me2 mark,
resulting in a 12-fold increase in enzymatic activity as revealed by activity assays [70]. By
contrast, KIAA1718 and its ortholog ceKDM7A adopted an extended conformation, where
by the K4me3 binding site on the PHD finger was positioned far away from the demethylase
active site on the Jumonji domain (Fig. 4B) [70,72]. This increased separation restricted the
accessibility of the KIAA1718/ceKDM7A Jumonji domain to the H3K9me2 mark when the
H3K4me3 on the same peptide docked into the PHD finger-binding pocket, because the
length between H3K4me3 and H3K9me2 on the same peptide was significantly shorter than
the distance between the PHD finger binding pocket and the active site on the Jumonji
domain (Fig. 4B) [70,72], which is also revealed by a significant loss in enzymatic activity
for the H3K4me3/K9me2 peptide compared with the H3K9me2 peptide [70,72]. By
contrast, the H3K27me2 demethylase activity of KIAA1718/ceKDM7A was enhanced on
inclusion of the H3K4me3 mark in the same peptide because the distance between the
H3K4me3 and H3K27me2 marks is long enough for them to occupy the PHD and Jumonyji
domain pockets simultaneously (Fig. 4B) [70]. These two structures have provided novel
examples of how epigenetic reader modules can both up-regulate and/or downregulate
another epigenetic module through contributions associated with steric effects.
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5.2. Histone mark-directed DNA methylation

Both in animals and plants, DNA methylation constitutes a gene silencing or repression
signal, which can be correlated with repressive histone H3K9me2/3 and unmodified H3K4
marks [3,30,44]. Thus, both establishment and maintenance of DNA methylation are
directed by repressive histone modification marks. In mammals, establishment of DNA
methylation is governed by the de novo DNA methyltransferase Dnmt3a/b together with
their inactive counterpart Dnmt3L. Both Dnmt3a/b and Dnmt3L possess an N-terminal
ADD (ATRX-DNMT3- DNMT3L) domain, which recognizes unmodified H3K4, and
structures of the complex of Dnmt3a—Dnmt3L in the apo state have been reported in the
literature [73,74]. The C-terminal catalytic domains of Dnmt3a and Dnmt3L form a
functional hetero-tetramer with a Dnmt3a dimer in the middle flanked by C-terminal
domains of Dnmt3L on either side [37]. Thus, binding of histone tails by the ADD domains
of Dnmt3a and Dnmt3L could recruit the Dnmt3a—Dnmt3L tetramer to unmodified H3K4-
containing nucleosomal loci, with subsequent generation of DNA methylation marks [75]. It
has been reported that unmodified H3K4 tails can allosterically activate de novo Dnmt3a—
Dnmt3L DNA methyltransferase activity by 8-fold and that such regulation is reversibly
correlated with H3K4 methylation, providing a potential crosstalk regulation mechanism
[76]. However, there is as yet no reported structure of the Dnmt3a—Dnmt3L tetramer in
complex with bound histone peptide. The postulated regulatory mechanism remains to be
validated at the structural level.

In plants, the DNA methyltransferase CMT3/ZMET?2 can be targeted by dual recognition of
H3K9me2 marks, as discussed above [34]. Interestingly, modeling studies indicated that
both Dnmt3a—Dnmt3L and ZMET2 can be modeled onto the mono-nucleosome, such that
the two histone-binding domains can target a pair of H3 tails extending out from the
nucleosome, while the catalytic sites are positioned toward the nucleosomal DNA [34,75],
suggesting that structural studies at the nucleosomal level could shed light on histone
dependent regulation of DNA methylation.

5.3. DNA methylation-directed histone lysine methylation

In addition to histone mark-directed DNA methylation, DNA methylation also impacts on
regulating histone modifications. In plants, non-CG DNA methylation has been shown to be
highly correlated with H3K9me2 modification through a reinforcing loop between DNA
methyltransferase CMT3 and histone methyltransferase KYP (KRYPTONITE), also known
as SUVH4 [SU(var)3-9 homologue4] and its close homologs SUVH5/6 [3]. The KYP
protein has an N-terminal SRA domain, which preferentially targets methylated CHH and
CHG DNA, while its C-terminal SET domain is a H3K9 methyltransferase [77,78]. Thus,
the KYP protein can link recognition of methylated DNA with methylation of histone
H3K9. The eventual structure determination of KYP with bound methylated DNA and H3
peptide should shed light on the coupling of these two types of epigenetic marks.

6. Future challenges and opportunities

Starting from the first structural characterization of a histone modification reader, the P/CAF
(P300/CBP-associated factor) bromodomain, and its recognition of acetyllysine marks [79],
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biochemical and structural studies over the subsequent 15 years have built up a solid
knowledge base related to recognition and regulation of specific epigenetic marks by various
single domain reader modules. However, epigenetic regulation constitutes a more
complicated system with interacting components, whereby the potential exists for multiple
factors to function together, with interrelated regulation of individual components. Thus,
research on structural studies of epigenetic regulation at the single domain level readout of
isolated histone marks has been expanded in recent years to structural studies on the
combinatorial readout by multi-domain proteins of multiple marks. As the basic functional
unit, the nucleosome core particle has been crystallized both by itself and in complex with
other proteins [80], thereby forming an ideal platform for further investigation of multivalent
readout of epigenetic marks and the crosstalk between them by structural biology
approaches. To date, crystal structures of complexes of several nucleosome—core particles
have been reported, including those bound by LANA (Latency-Associated Nuclear
Antigen), RCC1 (Regulator of chromosome condensation 1) and Sir3 (Silent information
regulator 3) BAH domain [81-85]. However, no structure of a complex between the
nucleosome core particle containing specific epigenetic modification(s) together with bound
effector protein(s) has been reported to date. Further advances will require access to
milligram scale production of purified reconstituted nucleosomes harboring various
epigenetic marks and their combinations, which is achievable using either available intein-
based coupling technology and/or the genetic installation of modified amino acids by
genetic code expansion developed in the former case at both mononucleosome and
nucleosome array levels (reviewed in [86]). Thus, we anticipate that expansion of ongoing
structural studies currently underway on multivalent readout of combinations of histone
marks together with extension of ongoing efforts from the histone peptide to the nucleosome
level has the potential for providing new details of the crosstalk between epigenetic marks at
the nucleosomal level. An additional challenge would involve the preparation and
incorporation of methylated DNA into assembled nucleosomes, so as to further our current
comprehension of multivalent readout by both histone and DNA marks and the crosstalk
between them.
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Fig. 1.
Structural basis for multivalent readout of histone marks from a single histone tail. (A)

Ribbon representation of the crystal structure of TAF|;250 double bromodomain (PDB code:
1EQF) with bromodomain 1 colored in magenta and bromodomain 2 in green. The N-
terminus of a symmetry related protein inserts into the acetyllysine (Kac) binding pocket of
bromodomain 1. The distance between two Kac binding pockets of the two bromodomains
is 25 A. (B) Ribbon representation of the solution NMR structure of DPF3b double PHD
fingers in complex with H3(1-20)K14ac peptide (PDB code: 2KWJ)with PHD1 finger
colored in magenta, the PHD2 finger in green, and the bound peptide in yellow. The zinc
ions are shown as silver balls. The specific residues recognized on the H3 peptide, including
K4 and K14ac, are highlighted in stick representations. (C) Ribbon-representation model of
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TRIM24 PHD-Bromo cassette simultaneously recognizing unmodified H3K4 and H3K23ac
following superposition of the crystal structures of TRIM24 PHD-Bromo-H3(1-10)
complex (PDB code: 3037) and TRIM24 PHD-Bromo-H3(13-32)K23ac complex (PDB
code: 3034). The PHD finger, bromodomain and bound peptides are colored in magenta,
green and yellow, respectively. The unmodified H3K4 and H3K23ac are highlighted in stick
representations. (D) Ribbon representation of the crystal structure of TRIM33 PHD-Bromo
cassette in complex with H3(1-28)K9me3/K14ac/K18ac/K23ac peptide (PDB code: 3U50
and 3U5P) with the PHD finger, bromodomain, and bound peptide colored in magenta,
green and yellow, respectively. The unmodified H3K4, H3K9me3 and H3K18ac, which are
specifically recognized, are highlighted in stick representations.
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Fig. 2.
Structural basis for multivalent readout of multiple histone tails. (A) Ribbon-representation

of a model of the BPTF PHD-Bromo cassette simultaneously recognizing H3K4me3 and
H4K16ac following superposition of the crystal structures of BPTF PHDBromo-H3(1-
15)K4me3 complex (PDB code: 2F6J) and BPTF PHD-Bromo-H4(12-21) K16ac complex
(PDB code: 3QZS). The PHD finger, the bromodomain, the linker region and the bound
peptides are colored in magenta, green, wheat and yellow, respectively. TheH3K4me3 and
H4K16ac are highlighted in stick representations. (B) Ribbon representation of a model of
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ZMET2 simultaneously recognizing two H3K9me2 peptides with its BAH domain and
chromodomain by superposition of the crystal structures of ZMET2-H3(1-15)K9me2
complex (PDB code: 4FT2) and ZMET2-H3(1-32)K9me2 complex (PDB code: 4FT4). The
BAH domain, the methyltransferase, the chromodomain and the bound peptides are colored
in magenta, wheat, green and yellow, respectively. The two H3K9me2 marks are
highlighted in stick representations.
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Fig. 3.
Structural basis for multivalent readout of histone and DNA marks. (A) The domain

architecture of multiple domain protein UHRF1, which can recognize both histone marks
and hemimethylated CpG DNA. (B) Ribbon representation of the structure of the UHRF1
SRA domain in complex with a hemimethylated CpG DNAwith the SRA domain (PDB
code: 3CLZ) and the DNA colored in slate and yellow, respectively. The 5mC base is
flipped out of the DNA helix and indicated by an arrow. (C) Ribbon representation of the
crystal structure of UHRF1 tandem Tudor domain (TTD)-PHD cassette in complex with the
H3(1-17)K9me3 peptide (PDB code: 4GY5). The TTD domain, the PHD finger domain and
the bound peptide are colored inmagenta, green and yellow, respectively. The specifically
recognized unmodified H3R2 and H3K9me3 residues are highlighted in stickmodel. (D)
Ribbon representation of the crystal structure of MSL3 chromodomain in complex with a
DNA duplex and H4(9-32)K20mel peptide (PDB code: 30A6). The chromodomain, DNA
and peptide are colored inmagenta, green and yellow, respectively. The peptide residues
H18 and R19, which interact with DNA, and H20me1, which is specifically recognized by
the chromodomain, are highlighted in stick representations.

Biochim Biophys Acta. Author manuscript; available in PMC 2015 December 23.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Du and Patel

Page 23

ceKDM7A

Fig. 4.
Structural basis for recognition by histone modification-directed histone modification

enzyme. (A) Ribbon representation of the crystal structure of PHF8 in complex with H3(1-
24)K4me3/K9me2 peptide (PDB code: 3KV4). The PHD finger, Jumonji domain and the
bound peptide are colored in magenta, green and yellow, respectively. The NOG cofactor is
shown in a space-filling representation. The H3K4m3mark, which is specifically recognized
by the PHD finger, and the H3K9me2 mark, which specifically inserts into the active site of
the Jumonji domain, are highlighted in stick representations. The PHF8 enzyme shows a
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bent conformation upon K4me3 binding into the PHD pocket, with the distance between the
PHD pocket and Jumoniji active site short enough to allow the H3K9me2 mark to
simultaneously insert into the Jumonji active site. (B) Ribbon representation of the crystal
structure of ceKDM7A in complex with H3(1-32)K4me3/K27me2 peptide (PDB code:
3N9P). The PHD finger, Jumonji domain and the bound peptide are colored in magenta,
green and yellow, respectively. The NOG cofactor is shown in a space filling representation.
The H3K4me3 mark, which is specifically recognized by the PHD finger, and the
H3K27me2 mark, which specifically inserts into the active site of the Jumonji domain, are
highlighted in stick representation. The ceKDM7A enzyme shows an extended conformation
upon K4me3 binding into the PHD pocket, with the distance between the PHD pocket and
Jumonji active site being too long to allow simultaneous recognition of H3K9me2, but
should allow simultaneous recognition of H3K27me2 mark by inserting it into the Jumonji
active site.
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