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Abstract
Histone proteins organize DNA into dynamic chromatin structures and regulate processes such as
transcription, repair and replication. Control of chromatin function and structure is mediated in
part by reversible posttranslational modifications (PTMs) on histones. The most N-terminal region
of histone H3 contains a high density of modifiable residues. In this review, we focus on the
dynamic interplay between histone modification states on the H3 N-terminus and the binding
modules that recognize these states. Specifically, we will discuss the effect of auxiliary
modifications to H3K4unmod/me3 binding modules (specifically H3R2 methylation, H3T3
phosphorylation and H3T6 phosphorylation). Emerging evidence suggests that histone PTMs
behave less like a strict ‘code’, but rather like a ‘language’, which better illustrates the importance
of context. Using androgen receptor-mediated gene activation as an example, we propose a model
for how the combinatorial nature of PTMs on the H3 N-terminus and the complexes that recognize
these epigenetic modifications control gene expression.
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1. Introduction
Histone proteins package eukaryotic DNA into chromatin to facilitate nuclear compaction
and to modulate DNA expression and replication. The basic building block of chromatin, the
nucleosome, is derived from an octamer of histone proteins: one H3/H4 tetramer and two
H2A/H2B dimers. [1] Histone proteins are targets of post-translational modifications
(PTMs) that include acetylation, methylation, phosphorylation and deimination. [2] The
most N-terminal region of the histone (tail) is where the highest density of PTM possibilities
exist (Figure 1).[3] These dynamic modifications regulate the structure and function of
chromatin through two general mechanisms.

One mechanism involves the ability of a PTM to cause a change in chromatin dynamics
(e.g., heterochromatin vs. euchromatin). For instance, acetylation of histone-4 lysine-16
(H4K16) inhibits the ability of chromatin to form a compact 30-nanometer-like structure and
impedes formation of cross-fiber interactions.[4] The second model illustrates the ability of
histone PTMs to serve as docking sites for non-histone proteins. In this case, the PTM
indirectly affects chromatin organization and interpretation through recruitment and/or
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stabilization of module-associated proteins and complexes.[5] The associated complexes
mediate diverse outcomes through further chromatin modification or recruitment of enzymes
complexes that catalyze DNA-templated processes such as transcription, and DNA synthesis
and repair.

The notion of a ‘histone-code’ is derived in part from the idea that modules associate with
chromatin in a modification and position dependent manner. Unlike the genetic triplet code,
one PTM mark does not necessarily correlate with one outcome (i.e. a triplet codon results
in the same amino acid when translated, but the functional outcome of a histone PTM
appears highly context dependent).[6] For an excellent review highlighting various
chromatin binding modules with an emphasis on structural interactions see: Taverna et al.[2]
The idea of a strict code is further complicated because combinations of histone
modifications can affect the ability of modules to associate with chromatin (Figure 1).[7] In
2003, Fischle W., et al., hypothesized the existence of ‘binary switches’ and modification
‘cassettes’ on chromatin.[8] This idea expanded the histone-code hypothesis and highlighted
a unique situation where phosphorylation of serine-10 on histone H3 (H3S10ph) antagonizes
the ability of the HP1 chromodomain to recognize trimethylation at lysine-9 (H3K9me3).
Though the authors focused mostly on this antagonistic mode of epigenetic regulation,
several other classifications between histone modifications and proteins have been
identified: cooperative (two or more marks act together to facilitate protein stabilization or
recruitment), independent (modifications can exist together but do not interfere with each
other's interacting proteins), or antagonistic (the presence of a modification will block
interaction with an adjacent modified residue; binary switches).[9]

This review will focus on the interplay between several histone modification states on the
H3 N-terminus (residues 1-15; Figure 1) with special attention to the cooperative,
antagonistic and sequential categories of interaction. We will highlight the trimethylated and
unmodified versions of histone H3 lysine 4 as distinct platforms for protein module
recognition. The major concentration will be on the effect of auxiliary modifications to
H3K4unmod/me3 binding modules (specifically H3R2 methylation, H3T3 phosphorylation
and H3T6 phosphorylation), though some unique examples will be provided as well. The
review will underscore the importance of considering context when interpreting the
‘language’ of these types of modifications. We have compiled a comprehensive table (Table
1) with measured dissociation constants (Kd values) for modules that have been evaluated
for their ability to recognize histone H3 and to be affected by adjacent modifications. Finally
we propose a simplified model for how the interplay between chromatin binding modules,
enzymes, and histone modifications may help facilitate androgen receptor-mediated
transcriptional activation.

2. Histone H3 N-terminal Methylation
2.1 Histone H3 Lysine 4 as a Recognition Platform

Lysine 4 on histone H3 is a well-documented site for post-translational modification.[5,10]
This position can be either mono-, di- or tri-methylated at the ε-amine. There is also
evidence for an important role of acetylation at this site.[11] The most studied modification
state on H3K4 is trimethylation (H3K4me3)[5], which is normally associated with start sites
of transcriptionally active genes [12,13] and has a strong positive correlation with active
polymerase II occupancy, histone acetylation and transcription rates.[14-18]

Trimethylation of H3K4 falls into the category of histone modifications that serve to
modulate binding interactions between non-histone proteins and histone tail domains.
Chromatin-binding domains that specifically recognize trimethylation of H3K4 can be
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divided into two broad categories: the royal superfamily (including chromo and tudor
domains) and the PHD-finger family. [19,20]

The unmodified form of H3K4 (H3K4unmod) is also a platform for chromatin binding
module recognition. Found in a multitude of diverse proteins, the majority of binding
modules that recognize H3K4unmod are PHD fingers [19,21], though other types of
domains exist (i.e. the ADD-domain of the DNA-methyltransferase family).[2,22]

2.2 Modification of Histone H3 at Arginine 2 (H3R2)
Histone arginine residues can exist in three distinct methylated states: monomethylation,
asymmetric dimethylation, and symmetric dimethylation.[23] Type I protein methyl
transferases (PRMTs) form monomethyl and asymmetric dimethyl arginine (Rme1 and
Rme2a) by transferring methyl group(s) to the omega-nitrogen of the guanidinium side
chain group. Type II PRMTs catalyze the formation of monomethyl and symmetric dimethyl
arginine (Rme1 and Rme2s). Symmetric dimethylation differs slightly from asymmetric
dimethylation where two methyl groups are transferred to a single omega-nitrogen of the
guanidinium side chain. Type III PRMTs achieve specific catalysis of monomethyl arginine
(Rme1) with no ability to create either dimethylated form.

The major type I PRMT responsible for mono- and asymmetric methylation of H3R2 is
PRMT 6.[24-26] PRMT5 is a major type II PRMT that can preferentially catalyze mono-
and symmetric dimethylation, however, H3R2 appears not to be a substrate for this enzyme.
[27,28] Whether symmetric dimethylation of H3R2 exists in vivo remains to be established.

Unlike histone lysine methylation, there is no known example where methylated arginine
residues serve as an independent platform for recognition by a dedicated protein module.
The modification status at H3R2, however, plays an important role in epigenetic regulation.
For instance, asymmetric methylation at H3R2 antagonizes SET1a mediated trimethylation
of H3K4 in Saccharomyces cerevisiae.[29] The Spp1 subunit of this complex is a critical
component required for trimethylation to occur.[30] The PHD-finger domain of Spp1
arbitrates an interaction between H3K4me2/3 and the methyltransferase complex[31]
helping to facilitate catalysis. Methylation at H3R2 regulates the activity of the Set1
complex towards H3K4 by antagonizing the ability of Spp1 to bind H3.[29]

This regulatory mechanism is conserved to a similar extent in humans. The ability of an
MLL-containing methyltransferase complex to methylate H3K4 is compromised in the
presence of PRMT6-mediated methylation of H3R2 (asymmetric dimethylation).[25,26]
Interestingly, the complex contains several proteins with histone binding modules.[32]
Though recent work suggests the primary function of WDR5 may be binding an arginine-
bearing motif in MLL1, promoting complex assembly and activity[33], there is considerable
evidence demonstrating the ability of the WD40 repeat domain of WDR5 to mediate
catalysis at H3K4 by presenting this portion of the H3 tail for methylation.[34-37]
Pulldowns with an H3 unmodified peptide were used to confirm that WDR5 could be
recovered effectively from U937 nuclear lysates. The presence of H3K4me3 did not impinge
upon the interaction, however, the existence of H3R2me2a reduced recovery to background
levels[26] demonstrating the module's sensitivity to methylation at H3R2 (Figure 2a).

In a study investigating the effect of H3R2me2a on a panel of chromatin binding modules,
Iberg et al identified several isolated domains (PHD-fingers, tudor-domains, and WD40
repeats) that are sensitive to this modification.[38] Interestingly, it was discovered that
PRMT6 could asymmetrically methylate H3R2 in the presence of H3K4me3 in vitro, though
there is also evidence that H3K4me3 may actually antagonize PRMT6 activity.[25,26]
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2.3 H3R2 Methylation and Transcriptional Repression
Several studies demonstrated the repressive nature of H3R2me2a in the context of
H3K4me3 at specific HoxA genes.[25,38] By overexpressing PRMT6, MLL-WDR5
dependent transcription at these loci was dramatically decreased. This observation suggested
that PRMT6-mediated H3R2 dimethylation influences recruitment of the methyltransferase
complex and contributes to transcriptional repression.[25] (Figure 2a)

Another relevant example illustrating the repressive nature of H3R2me2a was reported with
the human autoimmune regulator (AIRE) protein (Figure 2b). Through its first plant
homeodomain (PHD1) finger, AIRE recognizes the H3K4unmod form of the H3 tail.[39]
This interaction mediates organ-specific autoimmunity through transcriptional activation of
tissue-specific genes with low methylation status at H3K4.[40, 41] Interestingly, H3R2
dimethylation decreases AIRE-PHD1 binding to H3 in vitro (Table 1) and reduces the in
vivo activation of AIRE target genes in HEK293 cells. [42] This provides a unique example
of modification crosstalk between H3K4unmod (an activation state in this context) and
H3R2 dimethylation (a repressive effect in this context) (Figure 2b).

2.4 H3R2 Methylation and Transcriptional Activation
Asymmetric methylation at H3R2 may serve as a transcriptionally active modification in
particularly contexts (Figure 2c). Expression of cylin D1 genes is negatively regulated by
the ING2-HDAC1-mSin3a protein complex in response to DNA damage.[43] The
interaction between the ING2-PHD finger and H3K4me3 is crucial for gene repression[43],
and ING2 mutations in the PHD-finger affect the complex's ability to facilitate apoptosis in
response to DNA damage.[44, 45] The presence of H3R2me2a results in decreased affinity
of the ING2-PHD interaction for trimethylated H3K4 (Table 1).[38, 46] After doxorubicin
treatment, repression of the cyclin D1 gene by the ING2-HDAC1 complex was robust in
PRMT6 knockdown cells and weakened in PRMT6-overexpressing cells. Use of short
hairpin RNA for PRMT6 (shPRMT6) resulted in increased physical association of ING2 and
a significant decrease in cyclin D1 mRNA expression (Figure 2c).[38] This example
illustrates the importance of considering context when analyzing the influence of H3R2
methylation at a transcriptional level.

2.5 H3R2 Methylation and V(D)J Recombination
Perhaps the most unique scenario with H3R2 methylation involves the PHD-finger of
recombination activating gene 2 (RAG2). RAG2, in cooperation with RAG1, is essential for
V(D)J-recombination, a process which mediates antigen-receptor gene assembly.[47,48] The
PHD-finger of RAG2 specifically recognizes H3K4me3. In contrast to many PHD-fingers
(see Table 1), the RAG2-PHD finger is tolerant towards methylation at H3R2, and may even
harbor a slight preference over the unmodified form (Figure 2d).[28] The ability of RAG2-
PHD to recognize these dual-modifications offers a unique regulatory mechanism where
V(D)J recombination is unaffected by H3R2 methylation, yet other processes (i.e.
transcription) are inhibited by H3R2 methylation (Figure 2).

Methylation of H3R2 illustrates the inherent flexibility in histone PTM interpretation, and
one could argue that such flexibility revokes the idea of a strict ‘histone code’. The word
‘code’ is conventionally used to describe histone PTMs, but may be misleading because of
its implication in having a strict set of rules. The case here illustrates more of a histone
‘language’ where the meaning of a particular modification depends entirely on the context in
which it exists. In support of this idea, H3R2 methylation status is a critical modulator of
two unique circumstances where lack of H3K4me3 is involved in gene activation (AIRE),
and where H3K4me3 is required for repression (ING2).
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3. Histone H3 N-terminal Phosphorylation
3.1 Modification of Histone H3 at Threonine 3 (H3T3)

Histone 3 threonine-3 is phosphorylated by recently identified kinases. Mut9p
phosphorylates histones H3, including H3T3, and H2A in Chlamydomonas reinhardtii.[49]
Interestingly, phosphorylation of threonine-3 (H3T3ph) and monomethyl lysine 4
(H3K4me1) correlate with regions of repressed transcription and reduced Mut9p results in
lower levels of both marks.[49,50] MUT9p also appears to be involved in the inheritance of
silent chromatin states. Haspin/Gsg2 also specifically phosphorylates H3T3.[51] RNAi-
mediated depletion of haspin causes misalignment of metaphase chromosomes, while
overexpression delays progression through early mitosis[52,53] emphasizing the importance
of this modification in these processes.

Much like methylation at H3R2, it is not known whether chromatin-binding modules exist
that can specifically recognize H3T3ph. However, this modification appears to have a role in
mediating interactions between histone H3 and the inhibitor of acetyltransferases (INHAT)
complex. Two critical subunits of the INHAT complex, SET and pp32, can specifically bind
to the H3 tail, but their interaction is decreased by phosphorylation at H3T3.[54]

In vitro, H3T3ph has a dramatic effect on a myriad of other modules that recognize both
H3K4unmod[46,55] and H3K4me3 (Table 1).[34,46,56] To date, there has not been a
chromatin-binding module identified that recognizes either H3K4me3 or H3K4unmod and
displays insensitivity to H3T3ph. It has been proposed, based on structural analysis, that the
PHD-finger of ING4 might accommodate H3T3ph by a conformational change at the side
chain of Lys232, in which a favorable electrostatic interaction could be established.[57] The
ability of the ING4-PHD to successfully tolerate this mark, however, awaits experimental
evidence. It is an intriguing possibility that H3T3ph functions as a general ‘off-switch’ for
enzymes/complexes that recognize the H3 N-terminus, especially in the context of
H3K4unmod or H3K4me3. The ability to transiently disrupt these transcriptional states may
be an important component for the proper inheritance of silent chromatin states. Essentially,
the modification status of H3K4 would be retained and protected from interacting partners
that may interfere with the biological processes necessary for silent chromatin state
inheritance.

3.2 Modification of Histone H3 at Threonine 6 (H3T6)
Only very recently has phosphorylation of H3T6 been identified. Garske et al. documented
the existence of this modification in HeLa cells using both immunological and mass
spectrometric techniques.[46] Shortly thereafter, protein kinase CβI (PKCβI) was identified
as the protein kinase capable of phosphorylating H3T6 in vitro and in vivo.[58]
Phosphorylation at T6 was shown to play an important role in LSD1 and JARID1B
mediated demethylation of H3K4 in androgen receptor repression by preventing both
enzymes from demethylating H3K4.[58]

Interestingly, H3T6ph has a varied effect on chromatin binding proteins that recognize either
H3K4unmod or H3K4me3.[46] Similar to H3T3ph, phosphorylation at H3T6 antagonizes
the ability of the BHC80 and AIRE PHD-fingers to bind H3K4unmod, and the ability of
RAG2 PHD-finger to recognize H3K4me3 (Table 1). However, H3T6ph caused a modest
decrease (∼10-fold) in the ability of the ING2 PHD-finger to recognize H3K4me3 and has
no appreciable effect on the double-tudor domain of JMJD2A to bind H3K4me3 (Table 1).
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3.3 Modification of Histone H3 at Serine 10 (H3S10)
Phosphorylation of serine-10 on histone H3 (H3S10ph) is a well-studied modification. First
identified in 1968, AMP-dependent kinase was shown to phosphorylate H3S10 in vivo.[59]
Since that time, additional kinases have been identified as bona fide histone H3S10 kinases.
[60-62] Perhaps the most prominent example of histone modification crosstalk is that
between H3S10ph and H3K9me3.[63,64] Briefly, H3S10ph occurs at the onset of mitosis,
interferes with a heterochromatin protein-1 (HP1) - H3K9me3 interaction, and ejects HP1
from its binding site. For a detailed perspective on this antagonistic mechanism see: [8,65]

Although there are no reports of specific protein modules that solely bind threonine
phosphorylation on the H3 histone tail, 14-3-3 family of proteins recognize
H3S10ph[66-68], specifically the 14-3-3ζ isoform.[66] It appears that acetylation of the H3
tail, specifically at H3K14, enhances this interaction and demonstrates an interesting
example where two marks cooperate to facilitate chromatin module binding (Table 1).
[69,70] In this scenario, lysine acetylation could function as an auxiliary modification that
enhances the relatively weak interaction of 14-3-3 with H3S10ph. The dual modification
contributes to localization of the 14-3-3 protein to target loci, ejection of HP1γ, and
facilitating transcriptional activation.[69]

4. Androgen Receptor Activation and the Role of H3 N-terminus
Modification

The androgen receptor (AR) is part of the steroid hormone receptor family of ligand-
activated transcription factors. It shares a common structure with other nuclear receptors and
consists of several domains that potentiate DNA binding, dimerization, ligand binding and
transcriptional activity.[71] Upon hormone binding, the cytoplasmic androgen receptor
dissociates from chaperones, dimerizes and translocates to the nucleus where it binds to
androgen response elements (AREs) of target genes (such as prostate specific antigen (PSA)
or kallikrein2).[72] The ARE-bound AR dimer can either interact directly with components
of the transcription preinitiation complex or recruit other components that promote a similar
interaction.[73-75] As a general definition, AR coregulators are proteins that are recruited
by the AR and either enhance (i.e. coactivators) or reduce (i.e. corepressors) its
transactivation, but they do not significantly alter the basal transcription rate and do not
typically possess DNA binding ability.[76] Coregulators influence AR-mediated
transcription by facilitating DNA occupancy, chromatin remodeling, and/or recruitment of
general transcription factors associated with RNA polymerase II, or by assuring the
competency of the AR to enhance gene expression directly.[73,76] There are a myriad of
putative coregulators for the AR that display a diverse array of functions and are involved in
many different cellular pathways.[76] Our focus here will be on AR coactivators that
modulate and interpret PTMs on chromatin. It is worth noting that further regulation of AR-
dependent genes is achieved by both specific and general transcription factors, but the
details of these interactions will not be discussed in this review. For a comprehensive
overview on the multitude of AR coregulators with classification according to their intrinsic
primary function see: [76].

Androgen-receptor mediated regulation is arbitrated in part by distal enhancer elements[77]
which show distinct cell-type-specific histone modification patterns that strongly correlate to
cell-type-specific gene expression programs on a global scale.[78] At AR-specific loci, the
formation of an activation complex involves AR, coactivators, and RNA polymerase II
recruitment to both the enhancer and promoter regions.[79] Below, we use AR-mediated
gene activation as an example of how different combinations of histone H3 PTMs and
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enzyme complex (coactivator) binding events might intimately control chromatin structure
and gene activity.

4.1 Demethylation of H3K9me3
Activation requires proper PTM status of two lysine residues on H3: H3K9 and H3K4
(Figure 3a). An important first step in the transition from a repressed state to an activated
state is the demethylation of H3K9me3, which is a repressive PTM in the context of AR-
mediated transcription.[80] Removal of H3K9me3 is facilitated by cooperation of two
histone demethylases, JMJD2C and LSD1 (Figure 3a).[81] The demethylase JMJD2C
catalyzes demethylation of tri- and dimethylated H3K9 [82] while LSD1 facilitates removal
of di- and monomethylated H3K9.[83] The actions of JMJD2C and LSD1 result in a shift
from H3K9me3 to H3K9unmod. Presently, it is unclear to what extent JMJD2A and
JMJD2D participate in AR activation through H3K9me3 demethylation (Figure 3a).[81, 84]

Interestingly, the ability of JMJD2C to demethylate H3K9me3 is augmented by
phosphorylation at H3T11.[85] Blocking protein-kinase-C-related kinase 1's (PRK1) ability
to phosphorylate H3T11 inhibits androgen-induced demethylation of histone H3. However,
more work is needed to understand the complete molecular details for how H3T11ph
accelerates demethylation by the Jumonji C (JmjC)-domain-containing protein JMJD2C.
Knockdown of PRK1 also affects acetylation of both H3K9/K14 (modifications
corresponding to transcriptional activation) at several AR-receptor dependent genes.[85]
Synergistic coupling of histone H3 phosphorylation and acetylation has been observed in
response to epidermal growth factor stimulation[86], and it is interesting to speculate a
similar mechanism for AR-mediated activation. Furthermore, hyperacetylation of histones is
common in nuclear-hormone receptor mediated transcriptional activation.[87]

4.2 Trimethylation of H3K4
The next step in AR-mediated activation involves methylation of H3K4. In a study by Kim
et al, substantial increases in H3K4me2/3 were observed in the coding region of the PSA
gene correlating with expression.[88] Interestingly, it is reported that the histone
methyltransferase complex MLL1/MLL2, in concert with menin, is a transcriptional
coactivator of the nuclear receptors for estrogen and vitamin D.[89] Menin interacts with
MLL1/MLL2 histone methyltransferases[90,91] and is crucial for trimethylation of H3K4
(Figure 3a). The menin-MLL1/MLL2 complex could function similarly for AR-dependent
gene activation, though more work will be needed to explore this possibility. The presence
of H3K9ac contributes to the ability of the MLL1-SET domain to catalyze trimethylation of
H3K4 and provides a possible role for H3 acetylation in activation. Enhanced H3K4
methylation by the MLL1-SET domain of an H3K9 acetylated substrate may arise from
increased binding affinity, as charge neutralization by acetylation favors a hydrophobic
interaction.[92]

To facilitate activation, it is important that newly trimethylated H3K4me3 is maintained, and
this is largely accomplished by phosphorylation of H3T6ph. Phosphorylation at H3T6 was
recently discovered and is catalyzed by protein kinase C beta I (PKCβ1).[46,58]
Phosphorylation eliminates the ability of LSD1 to demethylate H3K4me2/1 and prevents
JARID1B from demethylating H3K4me3/2.[93] PKCβ1 acts in an androgen- and PRK1-
dependent manner (downstream of T11 phosphorylation) shedding light onto the
modification chronology of AR-activated transcription.[58]

Trimethylation of H3K4 recruits the basal transcription factor TFIID in a TAF3 PHD-finger
dependent manner.[94] This interaction results in enhanced recruitment or stability of the
RNA polymerase II preinitiation complex [94], and provides the basis for its role as a
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transcriptional coactivator. Interestingly, acetylation of H3K9/14 augments the ability of the
PHD-finger to recognize H3K4me3[94] and provides evidence for a further role of these
acetyl marks in transcriptional activation. It would be interesting to test the effect of H3T6
phosphorylation on the ability of the TAF3 PHD-finger to recognize H3K4me3. Because
recognition is based primarily on interactions with the first 4 amino acids of the H3 tail,
phosphorylation at H3T6 may have a very small effect. This is corroborated by structural
similarity to the ING2-PHD finger[95] and the observation that peptides containing
H3K4me3T6ph yield a relatively small decrease in binding affinity compared to the singly
modified H3K4me3 peptide for the ING2-PHD finger (Table 1).[46]

Interestingly, the double tudor domain (DTD) of JMJD2A recognizes H3K4me3 and its
binding affinity is not appreciably affected by H3T6ph (Table 1).[46] Because of structural
similarities, the DTD of JMJD2C may harbor similar insensitivity to this modification, but
this claim awaits experimental evidence. The significance of this interaction for AR-
mediated genes falls into three general models (Figure 3b). Firstly, H3K4me3T6ph protects
lysine-4 trimethylation but allows JMJD2A/C to demethylate H3K9me3/2. This may be an
initial activation step if H3K4 trimethylation and H3T6 phophorylation occur before H3K9
demethylation (“intra-tail” demethylation). The second possible function of this interaction
could be a platform for “inter-tail” activation by keeping the H3K9 demethylases JMJD2A/
C localized to chromatin containing both H3K4me3 and H3T6ph. In this scenario, the
demethylases would facilitate demethylation of neighboring H3-tails. Finally, recognition of
H3K4me3T6ph by the DTD may serve as a platform for continued maintenance of the H3
epigenetic state. This would ensure that H3K9 remains demethylated even in the presence of
methyl transferases that remain in close proximity.

5. Outlook
Since the proposal of a ‘histone code’[96] there has been great progress in understanding the
molecular underpinnings of PTM-based modulation of chromatin structure and function.
Here we have outlined several pertinent examples that demonstrate the importance of
considering histone PTMs in the context of other neighboring modifications. The
highlighted examples underscore the difficulty in generalizing transcriptional outcome based
solely on the correlation mapping of single post-translational modifications. A good
example is H3R2 methylation. The downstream biological effect of this modification is
reliant on a.) whether the appropriate protein module is expressed and b.) how R2
methylation affects that modules ability to bind the H3 tail. Although there are no reports of
chromatin-binding modules that specifically recognize methylated versions of H3R2, recent
structural evidence demonstrated the ability of a tudor domain to bind Rme2s from a non-
histone protein [97] It seems highly likely, based on this new discovery, that H3R2me/me2-
binding domains exist.

The recent discoveries of additional phosphorylation sites (T3 and T6) on the H3 N-terminus
highlight the combinatorial complexity of PTMs in close proximity, especially those that
occur within tail ‘hotspots’. An important piece of the epigenetic puzzle is understanding the
effect of histone modifications on modules that recognize neighboring modifications (for
example, the effect of H3T6ph on H3K4me3 binders). So far phosphorylation at T3 or T6
have either a neutral or antagonistic effect on module binding, but it remains to be
discovered whether phosphorylation at these sites might enhance some protein:histone
interactions, or whether there exists dedicated protein modules that specifically recognize
these threonine phosphorylations.

The observation that auxiliary modifications affect histone-binding module recognition is
also important when interpreting experiments that use an antibody developed against a
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single histone PTM. A case in point, chromatin immunoprecipitation (ChIP) experiments
that utilize these antibodies to characterize the genome-wide or loci-specific existence of
individual histone PTMs might be misleading in genome regions where no signal is
detected. The ability of an antibody to recognize a particular modification depends on the
local structural environment, which can affect cross-linking efficiency, and the lack of
neighboring modifications that might otherwise occlude antibody binding. Therefore, ChIP-
type experiments that suggest an absence of a particular PTM might reflect alterations in
chromatin structure and neighboring PTMs that preclude antibody binding to these regions
of chromatin. In order to determine their specificity in the context of multiple PTMs, an
important future endeavor will be the detailed characterization of antibodies used for such
experiments. Particularly useful in characterizing such antibodies would be the utilization of
PTM-based peptide arrays that include adjacent PTMs. For ChIP-type experiments, the use
of non-antibody based detection, or the use of antibodies raised against peptides having
multiple PTMs might avoid some of these potential issues and provide vital missing
information that is contained within this complex PTM language.

Using androgen receptor-mediated gene activation, we have constructed a model that
describes how combinatorial PTMs contribute to the different chromatin states. The exact
chronology of these events is not entirely clear and more work is needed. Further
investigations are required to provide a complete understanding of how combinations of
modifications affect histone modifying enzymes and chromatin binding modules. For
instance, how does H3T11ph augment JMJD2C demethylation of H3K9me3? Is
H3K9me3T11ph a better enzyme substrate or is there a module that specifically recognizes
H3T11ph and localizes JMJD2C for demethylation of H3K9me3? It is important to
appreciate that histone modifications in the context of neighboring modifications reveal a
deeper understanding of transcriptional control at the epigenetic level.
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Figure 1.
Representation of possible modification states on the most N-terminal region of histone H3.
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Figure 2.
Effect of H3R2 methylation on chromatin binding modules. A) WD40-repeat of WDR5
displays sensitivity to H3R2 methylation and the transcriptional consequence is repression.
B) The PHD-finger of ING2 recognizes H3K4me3 but is antagonized by H3R2 methylation,
leading to transcriptional activation. C) AIRE-PHD1 recognizes H3K4unmod and is
sensitive to H3R2 methylation, which leads to transcriptional repression. D) RAG2-PHD,
which recognizes H3K4me3, is insensitive to methylation at H3R2 and V(D)J
recombination is unaffected by this epigenetic modification.
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Figure 3.
Epigenetic control of androgen receptor activation. A) The transition from repressive to
active chromatin. B) Three different models for JMJD2A/C-DTD recognition of
H3K4me3in the presence of H3T6ph. Top panel, JMJD2A/C facilitates demethylation of
H3K9me3 at sites where H3T6ph is already present (“intra-tail” activation). Middle panel,
JMJD2A/C interacts with active chromatin containing H3K4me3/T6ph and facilitates the
start of activation (“inter-tail” activation). Bottom panel, JMJD2A/C remains localized to the
active chromatin via the DTD in order to maintain demethylated H3K9.
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Table 1
Dissociation constants for chromatin binding modules that recognize histone H3

Module Peptide Kd ± s.d.
(μM)

Method Reference

ING2-PHD H3K4me3 1.5 ± 1 TF [44]

0.98 ± 0.12 ITC [46]

H3R2me2s/K4me3 17.3 ± 2.3

H3K4me3/T6ph 19.9 ± 4.9

H3K4me3/T3ph N.D.

ING4-PHD H3K4me3 3.0 ± 0.6 NMR [57]

6.4 ± 0.8 ITC

H3R2me2a/K4me3 19.2 ± 1.7 NMR

RAG2-PHD H3K4me3 33.8 ± 1.9 FP [28]

17.9 ± 2.2 ITC [46]

H3R2me2a/K4me3 34.6 ± 5.0 FP [28]

H3R2me2s/K4me3 25.1 ± 3.5 FP

H3K4me3/T3ph N.D. ITC [46]

H3K4me3/T6ph N.D.

BHC80-PHD H3K4unmod 19.6 ± 3.6 ITC [46]

H3R2me2s 57.2 ± 5.4

H3T3ph N.D.

H3T6ph N.D.

AIRE-PHD1 H3K4me0 5.3 ± 1.2 TF [42]

6.5 ± 0.2 ITC

H3R2me1/K4me0 248.0 ± 20.0 TF

198.8 ± 12.4 ITC

H3R2me2a/K4me0 N.D. TF

H3R2me2s/K4me0 N.D.

H3K4me0/K9me3 30.4 ± 2.2

29.4 ± 0.5 ITC

H3K4me0/K9ac 39.2 ± 2.3 TF

47.6 ± 1.5 ITC

H3K4me0/S10ph 7.6 ± 1.2 TF

24.7 ± 0.2 ITC

H3T3ph/K4me0 N.D. TF

N.D. ITC [46]

N.D.

H3K4me0/T6ph N.D.

CHD4-PHD2 H3K4me0 18 ± 5 TF [98]

H3K4me0/K9me1 4 ± 1
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Module Peptide Kd ± s.d.
(μM)

Method Reference

H3K4me0/K9me2 1.1 ± 1

H3K4me0/K9me3 0.9 ± 0.4

H3K4me0/K9ac 0.6 ± 0.1

CHD1-Chromo1,2 H3K4me3 5.2 ± 0.6 FP [56]

H3K4me3/K9me3 6 ± 1

H3T3ph/K4me3 140 ± 34

H3K4me3/S10ph 7.9 ± 0.6

H3K4me3/K9ac/K14ac 10 ± 2

H3R2me2a/K4me3 24 ± 4

TAF3-PHD H3K4me3 0.31 ± 0.09 TF [95]

H3R2me2a/K4me3 2.5 ± 0.2

BPTF-PHD H3K4me3 3.6 ± 0.8

H3R2me2a/K4me3 9.4 ± 0.3

DNMT3A-ADD[a] H3K4me0 0.26 ITC [99]

H3R2me2a/K4me0 0.74

JMJD2A-DTD H3K4me3 1.1 ± 0.0 ITC [46]

H3T3ph/K4me3 N.D.

H3K4me3/T6ph 1.8 ± 0.2

14-3-3 H3S10ph 240 ± 39 FP [69]

24.07 ± 0.55[b] ITC [70]

715 ±305[c]

H3K9me2/S10ph 200 ± 18 FP [69]

H3K9ac/S10ph 49 ± 18

H3S10ph/K14ac 26 ± 9

25.91 ± 0.74[b] ITC [70]

281 ± 22[c]

H3K9ac/S10ph/K14ac 40 ±10 FP [69]

[a]
The ADD domain contains a PHD-finger

[b]
150 mM NaCl buffer

[c]
500 mM NaCl buffer.

N.D.: not detectable TF: tryptophan fluorescence ITC: isothermal titration calorimetry FP: fluorescence polarization.

References apply to all measurments below until a new reference number is cited.
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