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Abstract

Covalent modifications of both DNA histones act in concert to define the landscape of our 

epigenome. In this review, we explore the interconnections between histone and DNA 

modifications by focusing on a conserved chromatin-binding regulatory domain, the ATRX-

DNMT3-DNMT3L (ADD) domain. New studies show that the ADD domain is capable of 

sensing, and therefore integrating, the status of multiple histone modifications. This in turn 

dictates the in vivo localization or allosteric regulation of the full-length ADD-containing protein 

and its ability to function in downstream chromatin remodeling events. Strategies to re-engineer 

the ADD “reader pocket” in the de novo DNA methyltransferase DNMT3A such that it redirects 

this “writer” to new genomic loci proved useful in understanding important biological downstream 

consequences of mis-targeting of DNA methylation via altered reading of histone marks. 

Combined with genome-editing tools, this approach stands as a poof-of-principle and will be 

broadly applicable to the elucidation of epigenetic networks that have been altered by “reader” 

mutations, either artificially or as naturally occurs in some human diseases.

Graphical Abstract

In the postgenomic era, rapidly expanding literature defines the exciting field of 

“epigenetics,” wherein DNA sequence, the cornerstone of classical “genetics,” is further 
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interpreted in cellular and developmental contexts giving rise to heritable phenotypes that 

cannot be explained by alterations in DNA sequence alone.1 Covalent modifications 

including DNA methylation and the acetylation, methylation, phosphorylation, or 

ubiquitination of histones, the principal proteins that package the DNA, all contribute to the 

“epigenome.” Pioneering studies carried out in fungal and plant models suggest that there is 

a close interplay between histone and DNA modifications, particularly with regard to 

methylation.2–4 In the mammalian system, however, the precise details of this interplay 

remain poorly understood. DNA methylation and histone modifications are often considered 

separately, in part due to the remarkable complexity of each modification and their known 

intermediates that require separate assays and approaches by experts in the respective camp. 

One goal of this review is to reinforce the general idea that histone and DNA methylation 

are closely linked to one another and lead to a final epigenetic state that is dependent on the 

interplay between both classes of modification (see refs 5 and 6). Equally, genetics and 

epigenetics are closely intertwined supported by the explosion of examples where driver 

mutations, even in genes encoding histone proteins, influence cancer epigenomes with 

exciting new therapeutic potential.7–9

The “histone/epigenetic code” hypothesis10,11 posits that distinct combinations of histone 

post-translational modifications (PTMs) on one or more histone protein provide an 

additional layer of regulatory complexity to the well-accepted genetic (DNA) code. 

Mechanistically, this hypothesis suggests that chromatin-associated effector complexes 

“read” distinct patterns of histone PTMs to bring about distinct biological outcomes. A 

wealth of evidence has accumulated on the existence of such “readers” of covalent histone 

modifications, including X-ray structures detailing the exquisite specificity of protein-ligand 

interactions at atomic resolution.12–14 Notably, genetic mutations that result in improper 

histone reading have been linked to human disease,15,16 and in some cases, drugs targeting 

histone-binding domains (“pockets”) have led to successful therapeutic outcomes.17–19 This 

general concept of “reading” covalent modifications articulated in the histone code 

hypothesis can also be readily applied to DNA. Methylated DNA readers, such as MeCP2, 

are well documented, and mutations in these proteins have equally been linked with human 

disease (e.g., Rett Syndrome, see ref 20).

In this review, we will focus on the histone-binding ATRX-DNMT3-DNMT3L (ADD) 

domain, an integration of GATA-like and plant homeodomain (PHD) zinc fingers that is 

present in the chromatin-associated alpha thalassemia/mental retardation syndrome X-linked 

(ATRX) protein and the de novo DNA methyltransferases DNMT3A/B/L (DNMT3; Figure 

1A–C). This domain has a role in establishing and maintaining patterns of DNA 

methylation, and we will use this binding module as a paradigm to illustrate concepts that 

are likely to apply to other histone-binding domains. This includes (1) cross-talk 

relationships between nearby histone modifications that affect domain binding, (2) structure-

guided mutagenesis to not only define crucial residues for domain binding but also to allow 

the re-engineering of histone pockets to accommodate new histone-binding properties, (3) 

the clear interplay between histone methylation/phosphorylation and DNA methylation, and 

(4) the importance of histone-binding pockets in human biology and disease. Within the 

scope of this review, we cannot provide a comprehensive survey of other histone-binding 
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domains such as bromodomains, chromodomains, PHD fingers, etc., and for these we refer 

the reader to other excellent reviews.12–14

LINKING THE ADD DOMAIN TO HISTONE BINDING: INTERPRETING “OFF” 

AND “ON” HISTONE METHYLATION

A central question in epigenetic research is how patterns of DNA methylation that mediate 

heritable transcriptional silencing of affected sequences (e.g., retrotransposons or imprinted 

genes) are interpreted and targeted to the appropriate genomic regions. The methylation of 

lysine 4 on histone 3 (H3K4me) is an “active” mark that switches a gene “on” and is 

associated with gene promoters. By contrast, the methylation of lysine 9 on histone H3 

(H3K9me) is a heterochromatin-associated mark that switches a gene “off.” Pioneering 

studies have shown that the H3K9 mark is required for DNA methylation in Neurospora 

crassa3 and for DNA methylation of non-CpG sequences such as CHG and CHH (H 

corresponds to A, T, or C) in Arabidopsis thaliana.2 Furthermore, mouse embryonic stem 

cells (ESCs) that lack the H3 lysine 9 methyltransferases Suv39h1 and Suv39h2 show 

demethylation of pericentromeric satellite DNA.21 Taken together, these studies suggest that 

a chromatin-based signal for DNA methylation occurs in the presence of H3K9 methylation 

and the absence of the H3K4 methylation. How these opposing “off” versus “on” histone 

methylation marks are recognized and translated into patterns of DNA methylation leads us 

toward structural and functional studies of de novo DNA methyltransferases themselves.

The de novo establishment of DNA methylation patterns in early mammalian development 

involves the DNMT3 family members DNMT3A and DNMT3B and the DNMT3-like 

nonenzymatic regulatory factor DNMT3L. DNMT3L is required for the de novo 

methylation of imprinting control regions in female germ cells and of dispersed repeated 

sequences in male germ cells through its recruitment or activation of active DNMT3 family 

members.22,23 Although catalytically inactive, DNMT3L has provided some important 

insights into how histone methylation marks are interpreted within epigenomes. Peptide-

binding studies, using collections of biotinylated amino (N)-terminal tail peptides from each 

of the four core histones, have shown that DNMT3L binds to the extreme N-terminus of the 

H3 tail using a cysteine-rich domain. This domain shares some similarities with a PHD 

finger-like domain of BHC80, which is a subunit of the H3K4 demethylase complex 

LSD1.24 Importantly, and in keeping with a complex associated with transcriptional 

silencing, the binding of DNMT3L to the H3 N-tail was abolished by mono-, di-, or 

trimethylation of the “active” H3K4 mark but was insensitive to modifications at other 

positions such as “silencing” H3K9 methylation. This study provided an early indication that 

the cysteine-rich domain of DNMT3L—later defined as the conserved ADD domain—

recognizes histone H3 tails that are either unmethylated or lack “active” (H3K4) methyl 

marks, whereas it tolerates “inactive” (H3K9) marks. Together, these properties suggest an 

attractive mechanism for targeting de novo DNA methylation to genomic regions that are to 

be silenced based upon the histone modification “signature.” Similarly, the ADD domain of 

de novo DNMT3A and DNMT3B binds to unmodified H3 N-tails regardless of H3K9 

methylation but is disrupted by H3K4 methylation (Figure 1A).25,26 It is noteworthy that the 

ADD domain of DNMT3A/B/L (DNMT3ADD) does not contain a specific reading pocket 
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for H3K9 methylation and so DNMT3 proteins probably function broadly throughout the 

genome (see below ATRXADD).

The other ADD domain-containing protein, ATRX, is an ATP-dependent chromatin 

remodeler and has been shown to interpret histone methylation marks in a similar manner to 

DNMT3ADD: ATRXADD exhibits a binding for H3K9 methylation, whereas binding is 

inhibited by H3K4 methylation. Interestingly, unlike DNMT3ADD, ATRXADD recognizes 

unmodified H3K4 and methylated H3K9 in a combinatorial manner; co-structural studies 

revealed an atypical H3K9me3-binding polar pocket at the GATA-like-PHD interface, 

which is distinct from the conventional trimethyllysine-binding aromatic cage (Figure 1B–

D).27,28 Thus, ATRXADD represents a new reader module that senses the methylation states 

of both H3K4 and H3K9, which limits the location of ATRX mostly to the repeat elements 

enriched in these marks. In support, H3K9me3-pocket mutants and ATRX syndrome 

mutants are defective in both H3K9me3 binding and localization at pericentromeric 

heterochromatin.27,28 In line with genetic mutations mapping to other classes of histone-

binding domains,29,30 this study supports the general view that mistakes in histone 

recognition have important human disease implications. In addition, while ATRX does not 

contain a DNA methyltransferase domain, ATRX syndrome mutations cause abnormal 

patterns of DNA methylation.31 Such a consequence is likely assisted by additional ATRX 

interacting partners, such as the H3K9me3 reader HP1 and the methyl-CpG-binding protein 

MeCP2, which act in concert with ATRX to establish connections among histone 

recognition, chromatin remodeling, DNA methylation, and heterochromatic silencing.32–34

LINKING HISTONE AND DNA METHYLATION THROUGH INTERACTIONS OF 

HISTONE VARIANTS, CHROMATIN REMODELERS, AND DE NOVO DNA 

METHYLTRANSFERASES

Histone variants often differ from their canonical counterparts by only a small number of 

amino-acid replacements (see ref 35 for review and references). A number of studies, all 

designed to investigate the biology of a histone variant in mammalian cells, independently 

revealed an unexpected association of a histone H3 family member, H3.3, with the 

chromatin remodeler ATRX, Daxx, and DNMT3 in locations closely associated with 

pericentromeric heterochromatin and telomeres.36–38 Recently, ATRX-dependent deposition 

of H3.3 has also been shown to occur in other distinct heterochromatic regions across the 

genome, notably at imprinted alleles.39 Preferential ATRX-driven H3.3 uptake in these 

regions localizes to the DNA-methylated allele, reinforcing the link between histones and 

DNA methylation. How histone variants such as H3.3 participate in the “epigenetic 

memory” of silenced heterochromatin in some genomic regions is poorly understood. 

However, despite these uncertainties, the importance of the ATRX/Daxx/DNMT3/H3.3 

pathway is underscored by clear links to certain cancers that, in some cases, display striking 

alternative lengthening of telomere (ALT) phenotypes and genomic instability.40–42

Adding complexity to H3.3 biology is the fact that this histone variant can be incorporated 

into the genome by a distinct and nonoverlapping set of deposition machinery in a pathway 

much more closely associated with transcriptional activation. This pathway involves the 
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H3.3-specific chaperone HIRA and other less well-characterized components that deposit 

H3.3 carrying “active” covalent modifications at genomic loci such as promoters, gene 

bodies, and enhancers.43–45 This “split personality” of H3.3 is both interesting and 

confusing. How does the ADD domain in ATRX or the DNMTs respond to activating H3.3 

marks if indeed it evolved to be a heterochromatin-based chromatin reader? If, for example, 

active histone PTMs like H3K4 methylation repel the ADD domain as described above, can 

H3.3 discard these marks by some active mechanism, such as PTM “erasers” or rapid H3.3 

turnover to allow for heterochromatin formation and gene silencing? What, if any, are the 

“rules” for ADD binding with respect to the wealth of PTMs other than H3K4 and H3K9 

methylation, and can these rules be deciphered to allow its chromatin association to be 

altered in predictable ways in either active or inactive regions of the epigenome? Future 

studies addressing these questions will be highly informative as there are currently no 

comprehensive data regarding the effect of the H3.3 variant in DNA methylation.

ALLOSTERIC REGULATION AND AUTOINHIBITION OF DNA 

METHYLTRANSFERASES

Initial biochemical studies showed that binding of DNMT3AADD to unmodified histone H3 

stimulates the catalytic activity of DNMT3A, and such an allosteric regulation is required 

for de novo DNA methylation by DNMT3A in ESCs.26,46 The molecular basis underlying 

this activation was recently uncovered by elegant structural studies of a minimal DNMT3A-

DNMT3L complex in its free state and bound to a H3K4me0 peptide (Figure 2A).47 

Without the bound histone peptide, DNMT3AADD interacts with the C-terminal catalytic 

domain intramolecularly through electrostatic contacts between an acidic loop of 

DNMT3AADD and a basic patch of the catalytic domain (Figure 2B). This interaction 

impedes DNA binding and thus inhibits methyltransferase activity. When the ADD domain 

binds to an unmodified H3 tail, DNMT3A undergoes a large conformational change that 

allows DNA to access the catalytic site, suggesting an allosteric regulatory role of histone 

H3 in DNA methylation (Figure 2B). It is worth noting that the current allosteric model was 

proposed based on modeled DNA. Additional new insights could emerge from structural 

studies of the DNMT3A-H3 complex in the presence of bound DNA. Nevertheless, such an 

allosteric regulation by the histone H3 tail inversely correlates with the methylation state at 

H3K4, consistent with the genome-wide counter correlation between DNA methylation and 

histone H3K4 trimethylation. Collectively, these studies reveal that in addition to a role in 

recruitment, the ADD domain of DNMT3A also serves as an autoinhibitory switch that 

safeguards its catalytic activity in direct response to the presence of an unmethylated histone 

H3K4 tail.

A similar mechanism of allosteric regulation and autoinhibition has been demonstrated for 

the maintenance DNA methyltransferase DNMT1. Crystal structure studies of DNMT1 have 

shown that an N-terminal replication foci domain (RFD) overlaps with the DNA substrate 

captured in an active state, suggesting that DNMT1 RFD has a cis-inhibitory role by 

blocking DNA substrate binding.48,49 Unlike DNMT3A, there is no direct evidence 

supporting an interaction between histones and DNMT1. However, the cross-talk between 

histone methylation and DNMT1-mediated methylation can be compensated by an essential 

Noh et al. Page 5

ACS Chem Biol. Author manuscript; available in PMC 2016 March 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DNMT1 binding partner, the ubiquitin-like PHD finger/RING domain-containing protein 1 

(UHRF1) that contains paired reader modules including tandem Tudor, PHD finger, and 

SET and RING-associated (SRA). Structure and binding studies have established that the 

tandem Tudor and PHD finger domains act combinatorially to recognize a modification 

pattern of unmodified histone H3R2 and H3K9me3.50–52 The UHRF1 SRA domain 

preferentially binds to hemimethylated DNA.53–56 Subsequent biochemical studies have 

further revealed that UHRF1 stimulates the activity of DNMT1 mainly via a physical 

interaction between its SRA and the DNMT1 RFD domains.57 Collectively, the above 

epigenetic reader modules within UHRF1 provide a DNMT3AADD-like function to form 

molecular connections between repressive histone H3K9me3 readout, hemimethylated CG 

recognition, and allosteric stimulation during maintenance DNA methylation by DNMT1 

(see ref 58 for review).

ENGINEERING CHROMATIN-BINDING DOMAINS TO ALTER EPIGENETIC 

LANDSCAPES

Given the complexities in histone-reader interactions noted above, re-engineering histone-

binding modules to tolerate new PTM signatures is clearly challenging. This approach 

would allow the controlled altering of epigenetic states, but few such engineered chromatin-

binding domains have been created to date. That said, numerous histone-reader structures 

have become available, partly due to the growing interest in epigenetics, particularly when 

combined with disease implications. Taking clues from the lower methylation state 

properties of the malignant brain tumor (MBT) repeats of L3MBT—which was shown to 

prefer monomethyl over dimethyl lysines—an early, proof-of-principle example has been 

provided by a single amino-acid substitution in the aromatic cage of the PHD finger-

containing protein BPTF. This substitution (Y to E) altered the binding preference of BPTF 

from H3K4me3 to H3K4me2.59 Although this study did not probe the function of these 

changes, it provided insights into how histone “pockets” can be “decoded” to change 

methylation-state preference.

Following this example, and building on the growing literature of ADD domain structure-

function analyses, the ADD domain of DNMT3A was recently re-engineered to expand its 

binding preference to allow all methylation states of “active” H3K4 (me1/me2/me3), which 

are not normally accommodated in wild-type DNMT3A.60 Systematic mutagenesis of key 

DNMT3AADD pocket residues created mutant DNMT3 alleles with gain-of-function 

properties with respect to its ADD domain; specifically, a “WWD” mutant contained two 

novel residues W–W in its aromatic cage to interact with H3K4me and a critical D to 

interact with H3R2 (Figure 3A). To avoid complications from wild-type copies of DNMT3, 

mutant expression studies were performed in triple knockout mouse ESCs lacking all copies 

of active de novo DNMT3A/B and the maintenance DNMT1. Targeting of Dnmt3a to 

H3K4me3 promoters decreased gene expression in a subset of developmental genes and 

affected ESC differentiation. Another mutant allowed aberrant binding to phosphorylated 

H3T3 during mitosis, which promoted genomic instability (Figure 3B).

Although these pioneering studies of histone-binding pockets have yet to engineer a “black-

and-white” switch in histone reading, they support the general notion that binding pockets 
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can be altered to mis-read histone/epigenetic codes. Importantly, the structure-function 

studies of DNMT3AADD make a compelling argument in support of the interplay between 

histone methylation and DNA methylation. We look forward to more experimental studies 

aimed at perturbing histone-reading function in systems in which phenotypes can be 

examined. As mentioned above, the development of small molecules that can disrupt 

chromatin reading and the uncovering of mutations in histone-binding pockets underscore 

the need to continue to determine the “rules” of these PTM-binding interactions, not only 

between chromatin-associated proteins and histones but equally nonhistone targets that use 

what has been termed “histone mimicry.”18,61 The concept that de novo DNA methylation 

writers have evolved to exploit these interactions to bind to and enrich epigenetic landscapes 

is a central point that the ADD domain serves to illustrate.

NEIGHBORING HISTONE MODIFICATIONS: DOES EVERY AMINO ACID IN 

HISTONES MATTER, AND IF SO, HOW?

With respect to other chromatin-binding domains, phosphorylation nearby or adjacent to the 

principal site of modification that is being “read” has been shown to influence the overall 

binding reaction both in vitro and in vivo. One of the better-known examples of this cross-

talk comes from the chromodomain-containing, heterochromatin-associated protein HP1. 

HP1 is anchored, at least in part, to H3K9 methylated chromatin through its chromodomain. 

Phosphorylation of an adjacent serine 10 (H3S10ph) has been shown to disrupt HP1 binding 

in a mechanism termed “phospho-methyl switching.”62,63 “Acetyl-methyl switching” has 

also been reported to regulate crucial protein-protein interactions of nonhistone proteins with 

their binding partners, suggesting that this may be a broadly used mechanism.64

As with every rule, exceptions exist, but these provide important insights into the process 

under examination. Recently, several examples have been described for which phospho-

methyl switching may not apply to every chromatin-binding module. For example, unlike 

HP1, UHRF1 binds to methylated H3K9 but is insensitive to mitotic H3S10 

phosphorylation.52 As UHRF1 association with the maintenance DNA methyltransferase, 

DNMT1, is required for maintaining DNA methylation through mitosis, this exception to 

phospho-methyl switching has important biological consequences. Similarly, the ADD 

domain of ATRX is insensitive to H3S10 phosphorylation (Figure 4A, B), giving it the 

unique property of binding to “dual” H3K9meS10ph marks in postmitotic neurons.27,65 

Upon neuronal stimulation, the dual marks mainly localize to centromeric and 

pericentromeric regions within the nucleus (e.g., heterochromatic structures that surround 

the nucleolus and nuclear membrane). The transient nature of activity-dependent histone 

phosphorylation enables a rapid transcriptional response while maintaining cellular identity. 

It is suggested that this H3K9meS10ph binding property allows ATRX to maintain repeat 

element silencing during periods of activity-dependent, H3S10-mediated phosphorylation.

Increasing this complexity, multivalent modifications (e.g., methylation, acetylation, and 

phosphorylation) in neighboring residues on the H3 N-tail add a further layer of cooperative, 

antagonistic, or independent relationships between modified histones and bound 

protein.66,67 It has been shown that modification of H3R2, H3K4, H3T3, H3T6, and H3S10, 

but not H3R8 and H3K9, disrupts high-affinity binding of the chromodomain- and PHD 
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finger-containing protein CHD5.68 Given that CHD5 is a chromatin-remodeling enzyme, 

this multivalent recognition can enhance the specificity of its target genomic regions. For the 

ATRX and DNMT3 ADD domains, modification of H3K4, H3T3, and H3T6 disrupts 

binding to the H3 N-terminus (Figure 4C); however, modification of H3R2, H3R8, H3K9, 

and H3S10 is compatible with binding.60,65 In relation to phosphorylation, H3T3 appears 

exclusively during mitosis enriched at centromere regions69,70 and H3T6 occurs during 

interphase at the gene promoters.71,72 Considering that phosphorylation at both H3T3 and 

H3S10 appear during mitosis, selective ADD disruption by H3T3 is probably linked to a 

specific function (see Figure 3B). Taken together, these findings from the H3 N-tail alone 

demonstrate the extent to which complex cross-talk interactions can disrupt crucial histone 

and reader interactions.

FUTURE DIRECTIONS AND CHALLENGES

In this review, we have highlighted the ADD domain as an informative example of how 

histone “reading” not only wprobably—if not certainly—drives interactions between a 

wealth of other epigenetic regulators, including protein, DNA and RNA components. A 

staggering array of histone PTMs are being identified by new approaches73,74 as well as 

novel chromatin-reading domains (e.g., see75). Considerable structural information is 

revealing exquisite specificity that characterizes the binding of histone-binding domain and 

ligand interactions.13 Although most published cocrystal structures utilize PTM-modified 

(or unmodified) histone peptides with cognate readers, several studies have extended these 

concepts and have examined modified nucleosomes with multiple histone-binding domains, 

illustrating the concept of multivalency in histone/chromatin reading.66,76,77 High-

throughput studies using immobilized histone peptide arrays78 or bar-coded “designer 

nucleosomes”79,80 will enable the rapid screening of combinatorial histone PTMs, which is 

an explicit prediction of the histone code hypothesis.

Despite these advances, significant challenges remain as to how well-defined, in vitro 

histone-protein interactions can be translated into in vivo functional insights. Structural-

guided protein engineering via mutagenesis of key histone-binding residues will 

undoubtedly allow detailed abinding “rules” to be uncovered. Combining this information 

with novel genome-editing approaches, such as the CRISPR-Cas system, will permit more 

elaborate knockout/add-back studies than the DNMT3AADD structure-function studies 

described above60 and could be extended to the interplay of other key epigenetic 

regulators.81 Mutagenesis of essential residues in histone proteins is complicated by the 

multicopy nature of histone-encoding genes. That said, novel synthetic biology methods 

have been developed to engineer histones that bear site-specific modifications on cellular 

chromatin using protein trans-splicing with fast-acting inteins.82 Meanwhile, with the rise of 

functional genomic and proteomic technologies, numerous signature chromatin 

modifications have been identified genome-wide to dictate critical regulatory functions in 

vivo.83,84 One special case is the discovery of bivalent modifications that demarcate 

promoters (H3K4me3-H3K27me3)85 or enhancers (e.g., H3K4me1-H3K27me3, H3K4me1-

H3K27ac)86,87 of developmentally regulated genes. Thus, defining the readers of these 

bivalent marks among other hallmark histone modification(s) represents an outstanding 

challenge in the field with important implications in development and stem cell biology.
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Finally, the identification of monoallelic, single-copy mutations at or nearby key sites of 

histone PTMs in various cancers (referred to as “oncohistones”42,88), as well as the better-

documented mutations in genes that encode histone-binding domains (discussed above for 

the ADD domain), underscore the importance of human genetics in dissecting histone 

reading by associated epigenetic regulators. Mistakes made on either “side” of these protein-

protein interactions have profound disease implications and pave the way for new and 

exciting therapeutic strategies to treat them as exemplified by the effective drugging of 

bromodomain/acetyl-histone interactions.17,18 Learning how to smartly “pick pockets” 

promises to lead to a lucrative (and legal) scientific career for members of the epigenetics 

community.
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KEYWORDS

ADD domain: A histone-binding zinc finger module named after “ATRX-DNMT3-

DNMT3L”. Topologically, ADD is an integration of a GATA-like finger and a PHD 

finger.

DNA methylation: A process or modification state by which methyl groups are 

added to DNA. Methylation of cytosine at the 5 position within “CpG” dinucleotide 

is often, but not always, linked to gene silencing.

Histone modification: A covalent post-translational modification to histone proteins 

which includes the addition of chemical groups such as methylation, 

phosphorylation, acetylation, ubiquitination, and sumoylation.

Histone variant: Noncanonical and nonallelic variants of histones—representing 

one or a few amino acid differences—that are expressed at very low levels compared 

with their conventional counterparts.

Reader: Proteins and domains capable of binding to a specific epigenetic mark to 

recruit certain proteins to the target epigenetic mark.

Writer: Enzymes that generate a specific epigenetic mark to establish a modification 

state of chromatin.

Combinatorial readout: Cooperative recognition of multiple histone or DNA 

modifications by reader module(s) with significantly enhanced binding as compared 

to a single mark readout.

Bivalent tolerance: Introduction of an adjacent modification has a minimal effect on 

preexisting “mark-reader” interaction.

Binary switch: Introduction of an adjacent or nearby modification acts to disrupt 

(switch off), or in some cases, facilitate the binding (switch on) of a particular 

“mark-reader” pair.

Epigenetic code: A second system “above” or “in addition to” the genetic code that 

give rises to heritable phenotypes brought about by alterations in chromatin states 

without changes in DNA sequences. Epigenetic modifications, which define these 

states, may include histone modifications and DNA methylation
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Figure 1. 
Linking histone modification, DNA methylation, and chromatin remodeling through ADD 

domain. (A) DNMT3 family ADD domain binds to unmodified H3K4 N-tails regardless of 

H3K9 methylation. DNMT3 proteins function broadly throughout the genome although their 

link to H3.3 variant is unclear. MTase, DNA methyltransferase domain. (B) ATRX ADD 

domain binds to H3K9 methylation in conjunction with unmodified H3K4 which limits its 

location largely to the repeat elements. ATRX deposits H3.3 variant in the repeat elements. 

ATRX ADD also tolerates H3S10 phosphorylation. SNF2H, SWI/SNF homology ATPase 

domain that has chromatin remodeling activity. (C) Topology of the ADD fold. ADD 

domain consists of a GATA-like zinc finger, a PHD finger and a C-terminal α-helix. Blue 

arrow, β-strand; green cylinder, α-helix. Tight association of the GATA-like finger and the 

PHD finger is notably stabilized by an extended C-terminal α-helical segment. (D) A 

structural illustration of the ATRX ADD fold. The GATA-like finger is colored light pink, 

and the PHD finger is colored light blue. Three zinc ions are depicted as spheres. A 

semitransparent surface of ATRX ADD is presented to highlight tight integration of the 

GATA-like and PHD fingers as well as the reader pocket. ATRX ADD contains an acidic 

surface patch and a polar pocket to recognize unmodified H3K4 (H3K4me0) and 

trimethylated H3K9 (H3K9me3, dotted spheres), respectively. Histone H3 peptide (green) 

forms an antiparallel β-sheet within the PHD finger subdomain around H3K4. Recognition 

of H3K4me0 is conserved among all ADDs. However, H3K9me3 readout and H3S10ph 

tolerance is unique to ATRX due to lack of functional pocket in DNMT3 ADDs. S10ph 

tolerance is partly contributed by intramolecular hydrogen bonding with H3R8. PDB entry 

4W5A was used for figure preparation.
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Figure 2. 
Complex structure, allosteric regulation, and autoinhibition of de novo DNA 

methyltransferases. (A) Top, domain architecture of mammalian de novo DNA 

methyltransferases DNMT3A and its cofactor DNMT3L. “*” denotes that the 

methyltransferase (MTase) domain of DNMT3L is catalytically inactive. Bottom, structural 

model of DNMT3L–DNMT3A–DNMT3A–DNMT3L tetramer bound to histone H3 

peptides and S-adenosyl-L-homocysteine (SAH). The model was built by combining 

experimental structures of a minimal DNMT3A (ADD-MTase)-DNMT3L (MTase) tetramer 

bound to histone H3 peptide (PDB code: 4U7T) and full length DNMT3L (ADD-MTase) 

bound to histone H3 (PDB code: 2PVC). The protein structure is shown in ribbon 

representation, and domains of DNMT3A and 3L are color-coded as defined in domain 

architecture. The cofactor SAH is shown in space-filling spheres. Three zinc ions are 

depicted as light blue spheres. (B) Superimposed structures of H3K4me0-bound (PDB code: 

4U7T) and peptide free (PDB code: 4U7P) DNMT3A ADD-MTase domains. MTase 

domain (green) was superimposed for structural alignment. Note the large domain 

movement of ADD from an inhibitory state to an active state upon H3 peptide (magenta) 

binding. Without histone H3, DNMT3A ADD adopts an autoinhibitory conformation and 

interacts with the MTase domain to block DNA substrate (light orange) binding. The 

modeled DNA was introduced by structural alignment with a bacterial CpG-specific DNA 

methyltransferase M. MpeI (PDB code: 4DKJ). Magenta star denotes the active site where 

the methyl transfer reaction occurs. Acidic residues that participate in autoinhibition and 

H3K4me0 recognition are shown as salmon sticks, with close-up views in (i) for H3K4me0 

recognition and (ii) for autoinhibition near the active pocket. The surface of the active 
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pocket is colored by its electrostatic potential with blue for positive charge and red for 

negative charge.
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Figure 3. 
Structure-based reader engineering of DNMT3A ADD and its functional outcomes. (A) 

Structures (top) and calorimetric titration fitting curves (bottom) of wild type (WT) (PDB 

code: 4QBQ), WWD mutant (modeled based on a G550D structure, PDB code: 4QBR), and 

R mutant DNMT3A ADDs (PDB code: 4QBS). Histone peptides are shown as green 

ribbons. Mutant residues are shown as cyan sticks. Binding KD's are listed below the fitting 

curve with strong binding highlighted in magenta. (B) Diagram of genome-wide distribution 

of wild type and re-engineered DNMT3A and its phenotypic outcomes in embryonic stem 

cells (ESCs).
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Figure 4. 
Neighboring histone modification cross-talk centered on ADD domains. (A) ATRX ADD 

domain recognizes a combinatorial methylation pattern of unmodified H3K4 (H3K4me0; 

KD = 3.0 μM) and trimethylated H3K9 (H3K9me3; KD = 0.11 μM) with enhanced binding 

affinity. (B) ATRX ADD domain recognition of H3K9me3 (KD = 0.11 μM) tolerates H3S10 

phosphorylation (KD = 0.19 μM) with minimally affected binding affinity. (C) The binding 

of DNMT3A ADD domain to H3K4me0 (KD = 0.82 μM) can be disrupted by 

phosphorylation at H3T3 (H3T3ph; KD = 59.9 μM) through a binary switch mechanism. 

Histone peptides are depicted as green ribbons. The ADD domains are in ribbon 

representation with pink for the GATA-like finger and blue for the PHD finger. Zinc ions 

are shown as spheres. Binding KD's are taken from refs 60 and 65.
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