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Synthetic post-translational modification of histones
Simon Nadal’, Ritu Raj', Shabaz Mohammed'*? and

Benjamin G Davis'

Chromatin is the physiological template of genetic information
in all eukaryotic cells, a highly organised complex of DNA and
histone proteins central in regulating gene expression and
genome organisation. A multitude of histone post-translational
modifications (PTMs) have been discovered, providing a glance
into the complex interplay of these epigenetic marks in cellular
processes. In the last decade, synthetic and chemical biology
techniques have emerged to study these modifications,
including genetic code expansion, histone semisynthesis and
post-translational chemical mutagenesis. These methods allow
for the creation of histones carrying synthetic modifications
which can in turn be assembled into designer nucleosomes.
Their application in vitro and in vivo is now beginning to have an
important impact on chromatin biology. Efforts towards
introducing multiple labile modifications in histones as well as
expanding their use in cellular biology promise new powerful
tools to study epigenetics.
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Background and motivation

Epigenetic mechanisms allow our cells to inherit changes
in their gene expression and phenotype without changing
the underlying DNA sequence. Epigenetic processes can
happen at several layers of the nuclear organisation of the
genome, from the 3D territorial positioning of interphase
chromosomes in the nucleus down to the atomic level
with histone post-translational modifications (P’ TMs) and
nucleobase modifications (Figure 1a in blue) [1,2]. These
epigenetic layers of regulation influence each other, thus
understanding the role of histone PTMs in this
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framework has been central to deciphering chromatin
biology [3,4].

Histone P'TMs have a number of functions in regulatory
tasks: specific modifications such as H3K14ac lead to
transcriptional initiation [3], others such as H3K4me3
recruit specific transcription factors that have the required
reader domain (i.e. plant homeodomain — PHD) [5].
Investigating histone PTMs poses many challenges: a
plethora of PTMs have been discovered (Figure 1b),
several distinct histone proteoforms are found in a single
cell and histone tails can have multiple modifications in
close proximity. Therefore, to study histone PTM
access to large quantities of homogeneously modified
histones (with site-selectivity and group-selectivity) is
required — this is a difficult goal to attain with enzymatic
techniques [6,7]. In order to address this ambitious chal-
lenge, synthetic and chemical biology methods to gener-
ate ‘designer’ nucleosomes containing histones with
precisely inserted modifications have emerged in the
last decade [8-15,16°,17,18].

Here, we review recent developments in chemical chro-
matin research; starting with identification processes for a
given histone P'T'M, moving to a comparison of methods
for generating synthetic nucleosome constructs carrying
the modification of interest (focusing on post-translational
approaches) and closing with their use in the investigation
of biological processes.

Searching for histone modifications using
tandem mass spectrometry

Cellular chromatin consists of multiple nucleosome
forms, with distinct histone proteoforms that can carry
modifications in sometimes very low stoichiometry [19°].
This large range of population distribution poses an
analytical challenge for mass spectrometry (MS)-based
proteomics, since both abundant marks and rare modifi-
cations have to be reliably identified — a prerequisite for
knowing which modification to study with synthetic
histones.

In a classical approach, when the sequence of histones has
been previously well-characterised, a bottom-up approach
as depicted in Figure 1c is chosen. Proteins of interest are
digested with a proteolytic enzyme such as trypsin and
characterisation is performed on the subsequent pool of
peptides. By bioinformatic comparison of the measured
spectra with proteomic databases, peptides and their
modifications are identified. In well-characterised
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Post-translational modification of histones and their identification using mass spectrometry based proteomics. (a) The packaging of cellular DNA into
chromosomes and nucleosomes allows for several layers of epigenetic regulation. One of these is the post-translational modification of histone
proteins, core components of the nucleosome. PDB: 1KX5 [109]. (b) Selected commonly-observed histone post-translational modifications (PTMs),

Current Opinion in Chemical Biology 2018, 45:35-47

www.sciencedirect.com



Synthetic post-translational modification of histones Nadal et al. 37

samples, new modifications can be identified (unknown
mass shift Amass on a given peptide). Accurate mass and
peptide sequencing allow an empirical formula as well as
chemical properties to be obtained — ultimately leading
to the PTM structure [20]. Building on this well-estab-
lished schematised workflow, broader application of prote-
omic methods in the analysis of histone modifications now
include top-down proteomics, de novo identification of
PTMs or quantitative experiments such as label-free
quantification, multiple reaction monitoring (MRM) or
isotopic tags [19°].

MS-based techniques have been useful in testing the
efficacy of established chemical biology and chemical
modification techniques and conversely these can enable
MS-based data acquisition. By probing the limits of the
deleterious effects of cellularly incorporated tags used in
covalent retrieval methods (e.g. azidohomoalanine
[21,22]) in histones on cell-cycle progression [23] their
efficient use can be planned. Libraries of histone peptides
carrying diverse P'T'Ms have allowed improved calibration
of MS detection efficiencies and have allowed the effect
upon wide-scale quantification experiments to be re-
examined, leading in one example to a different biologi-
cal conclusion [24°]. Moreover, the development of selec-
tive enrichment techniques for modified peptides, such as
T10,-mediated affinity chromatography for phosphopep-
tides, further enables the identification of rare histone
PTMs in large proteomic screens [25]. These examples
illustrate that both MS-based proteomics and chemical
biology techniques are not isolated tools used in histone
PTM research, but are now progressing hand-in-hand.

The chemical biology toolkit

Once a modification has been identified and validated,
several lines of investigation can be followed, from bio-
chemical assays to bioinformatic correlation analysis. One
approach is to generate synthetic histones and assemble
designer nucleosomes. Three main chemical biology
strategies have been developed for this purpose that
operate through a judicious mix of synthetic, co-transla-
tional and post-translational strategies: genetic code
expansion, protein semi-synthesis and chemical modifi-
cation/mutagenesis.

Genetic code expansion

Non-sense suppression mutagenesis is a powerful tech-
nology for introducing single unnatural amino acids (uAA)
into cellular proteins. A stop codon, usually the constitu-
tively rare amber stop codon (T'AG), is re-attributed to the
uAA by incorporating both a cognate tRNA and an

engineered aminoacyl tRNA synthetase (0-aaRS) into
the host cell. The engineered synthetase can recognise
the tRNA carrying the reattributed codon and load it with
the uAA. Both need to be orthogonal to the host cell
biosynthetic machinery, which ideally necessitates that
the tRNA is not accepted by any constitutive synthetase
and that the engineered synthetase only loads the orthog-
onal tRNA with the uAA. The cellular biosynthesis
machinery is then able to incorporate the uAA in response
to the amber codon into proteins being synthesised
(Figure 2a) [26,27].

Engineering an aaRS-tRNA pair is thus a fine balancing
act between creating orthogonality to the host cell and, at
the same time, keeping the loaded tRNA structurally
sufficiently close to constitutive tRNAs in the host cells so
that the biosynthetic machinery (i.e. the ribosome) can
recognise and use it. Often, aaRS—tRNA pairs from
archaeal origins fulfil these criteria when used in prokary-
otic expression systems. For the protein expression work-
horse Escherichia coli orthogonal pairs based on PylRS-
tRNACUA, TYI‘RS-tRNACUA, LCURS-tRNACUA and
TrpRS-tRNA¢ca are now routinely used [28]. Through
engineering of corresponding synthetases, more than
160 structural analogues of amino acids bearing unnatural
functional groups have been incorporated. At the same
time the chemical diversity that can be reached by
genetic code expansion remains dependent on the sub-
strate recognition of the evolved synthetase and the
ribosome, therefore the resulting chemical diversity typi-
cally remains structurally related to the original amino
acids processed by those synthetases [29°].

Despite these limits, the PyIRS-tRNA¢ya has been suc-
cessfully used to site-specifically incorporate various nat-
urally occurring P'TMs into histones, in particular lysine
PTM variant such as acyl-lysines (acetyl-lysine [30],
propionyl-lysine [31], butyryl-lysine [31] and crotonyl-
lysine [32], 2-hydroxyisobutyryl-lysine [33], with special
protocols for H4 [34]) or methylated lysines (methyl-Lys
[35], dimethyl-Lys [36]), allowing the % cel/ulo and even
the iz vivo study of the effects of these modifications
[37°]. Moreover, precursors such as photoreactive lysine
analogues (benzophenylalanine [38], photolysine [39],
photocrotonyl-lysine [40], caged photolysine [41]) could
also be incorporated, allowing their use in combination
with post-translational chemical alteration (cross-linking,
uncaging) and corresponding quantitative proteomics
workflows leading to, for example, the identification of
histone binding-factors in mammalian cells [39]. Recent
results show that even more strategically challenging

(Figure 1 Legend Continued) listed by amino acid site of modification, illustrate the broad range of chemistries found on histones. Adapted from
Ref [19°]. (c) Histone PTMs can be identified by mass spectromertry based proteomics. In this bottom-up proteomics workflow (based on digested
proteolytic peptides) identification of known PTMs is described. Ac — acetylation, Acyl — acylation, Ar — ADP-ribosylation, Cit — citrullination,

Cr — crotonylation, Fo — formylation,

Hib — 2-hydroxylisobutyrylation,

Ma — malonylation, Me — methylation, Og — O-GlcNAcylation,

OH — hydroxylation, Ph — phosphorylation, Succ — succinylation, Sumo — SUMOylation, Ub — ubiquitinylation.
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Figure 2
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The chemical biology toolkit for synthetic histone modification. (a) Genetic code expansion. Amber codon (TAG) suppression is the most widely
used technique for targeted genetic incorporation. Another possibility involves the use of an engineered ribosome with an orthogonal 16S
ribosomal unit for quadruplet codon recognition. Adapted from [45]. (b) Mechanism of native chemical ligation (NCL) for protein semisynthesis.
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PTMs of other amino acids, such as phosphothreonine
[42°°] and phosphoserine [43,44], can be incorporated into
histones through the adaptation of other tRNA-synthe-
tase pairs.

Current developments in genetic code expansion broadly
diverge into two main directions of investigation, with
potentially a strong impact on the study of histone P'TMs.
"T'he first is to incorporate /7 vivo systems, described later
in this review. The second aims at overcoming current
limitations of synthetase—tRNA pairs. Screening technol-
ogies for the evolution of orthogonal aaRS have been
designed [42°°,45] and biosynthetic re-engineering tech-
niques of cells proposed, including deletion of termina-
tion factors and engineered ribosomes that recognise the
amber codon with higher efficiency [28]. A particularly
interesting innovation is the development of ribosomes
recognising quadruplet codon (Figure 2a, right), allowing
expansion beyond the restricted number of triplet codons
and therefore potentially greater flexibility for the inser-
tion of multiple uAA [46].

Protein semisynthesis

The discovery of native chemical ligation (NCL) [47]
enabled a powerful unification of the world of shorter
peptide synthesis with that of recombinant protein
expression [15,16°]. This can employ a polypeptide car-
rying a C-terminal thioester 1 with a recombinant protein/
peptide containing an V-terminal cysteine 2 to generate a
semisynthetic protein construct 4, as described in
Figure 2b. Suitable polypeptides carrying a C-terminal
thioester can be generated by solid-phase peptide syn-
thesis (SPPS) using specially designed safety-catch resins
with linkers such as 3-thiopropionic acid or N-acylbenzi-
midazole [6]. Another possibility, referred to as expressed
protein ligation (EPL), is to recombinantly express a
construct of the protein of interest fused on its (-terminus
to an intein domain. Inteins are proteins able to (self)
splice themselves out of the fused construct to the target
protein using a catalytic cysteine (or selenocysteine [48])
residue (czs-splicing). If this autoprocessing mechanism is
performed in the presence of intercepting thiols, then
target proteins with a C-terminal thioester are generated
[6,16°]. NCL strategies have been used for the creation of
synthetic histones for more than 15 years [8,49,50] and
several different types of modifications have been incor-
porated, including pHis [51]. It has been the method of

choice for histone ubiquitinylation [52], a primary model
to study 7z vitro protein—protein ligation chemistry. Adap-
tations of NCL, including photo-cleavable thiol auxiliary
5 [52] and delta-mercaptolysine uAA 6 [53], have been
subsequently developed to enable the traceless incorpo-
ration of whole protein modifications into nucleosomes
(Figure 2c¢).

One of the great strengths of protein semisynthesis is the
possibility to incorporate diverse modifications on several
sites of the peptide, such as multiple glycosylations [54] or
fully-modified histone tails [55]. Elaborated schemes
using several ligation steps can be used for a total chemi-
cal synthesis of histones; this allows for control over each
residue in the protein chain [55-59]. In a biological
context, a large number of histone P'T'Ms exert their full
effect only in a concerted manner, for example by coop-
erative recruitment of transcription factors [4]. Semisyn-
thetic strategies are thus particularly valuable to assess
the multi-site P'T'M crosstalk that might constitute a so-
called Histone Code.

The discovery of split inteins has further popularised
protein semisynthesis, facilitating the assembly of protein
constructs. The Muir group has recently published a
technology based on ultrafast intein #7ans splicing in
which the N-terminal part of the intein, IntN, is fused
to the C-terminus of the histone of interest and another
protein construct containing the C-terminal part of the
intein, Int®, bearing a polypeptide tail carrying
modifications. Upon association of Int™ and Int® the
splicing reaction is triggered and the histone ligated with
the polypeptide tail, creating a process that can be applied
even to iz cellulo studies [60]. Further developments have
seen improved inteins without extein dependence, allow-
ing a splicing efficiency essentially independent of the
construct context [61,62]. However, these splicing reac-
tions are not yet quantitative and some drawbacks of
inteins remain to be addressed, such as the hydrolysis or
thiolysis of inteins leading to N-cleavage and C-cleavage
products [61,63].

Both NCL and intein-based ligation strategies rely on
SPPS to generate synthetic modifications or P’TM-modi-
fied peptides and are thus subject to known SPPS limita-
tions. These include the B-elimination of phosphorylated
sites under basic conditions [64] and potentially extensive

(Figure 2 Legend Continued) Using this technique, a protein with an N-terminal cysteine can be coupled to a synthetic peptide with a C-terminal
thioester. (c) Expressed protein ligation (EPL) can be used to couple proteins such as ubiquitin to peptides/proteins containing thiol auxiliaries 5 or
the amino acid 8-mercaptolysine 6. These approaches can be made traceless by UV-irradiation or desulfurisation. Adapted from [14]. (d)
Historically, thioether-based PTM mimics were used by reacting a recombinant histone containing a cysteine at the desired position with thiol-
alkylating reagents. These mimics however bring structural changes with them (frame below, adapted from [16°]). (e) Many histone PTMs can be
accessed using chemical mutagenesis, in a two step protocol. First, elimination of a recombinantly incorporated cysteine at the desired position of
modification to dehydroalanine is performed using either the DBHDA or MDBP reagent. Second, addition to dehydroalanine is performed.
Depending on the type of bond formation required, a radical C-C bond formation or thia-Michael reaction can be chosen; this representation
emphasises the recently reported radical mechanism. Both methods typically generate mixed D/L-configuration at the alpha-carbon. 0-aaRS —
orthogonal aminoacyl tRNA synthetase, uAA — unnatural amino acid, RBS — ribosomal binding site.
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epimerisation of slow-coupling amino acids, such as gly-
cosylated building blocks [65].

Chemical mutagenesis

Altering protein residues by performing selective chemi-
cal protein modification reactions can allow at its extreme
the creation of amino acids via that modification [66—-68], a
concept termed chemical mutagenesis [68-70]. Cysteine
stands out among the proteinogenic amino acids by virtue
of its unique chemistry and its accessible pK, allowing
generation of a more powerfully nucleophilic thiolate
anion [71]. Moreover, its abundance in proteins (espe-
cially in histones) is low; in humans only H3 contains a
cysteine (Cys110) that can be mutated to alanine without
loss-of-function [72]. As such, use of cysteines is currently
a central approach in the chemical modification of his-
tones. In this section, we attempt to illustrate, using
synthetic histone P'T'Ms as examples, innovations in
the field of chemical modification and how they have
become more elaborate and effective as mimics (even
approaching the goal of directly installing fully native
PTMs/chemical mutagenesis) over time.

Early modification studies targeted cysteine as a nucleo-
phile by reacting it with haloalkyl reagent 8 to generate
histones with methyl-lysine ‘thialysine’ analogues 9
(Figure 2d) [73]. Subsequently, reagent 12 for the gener-
ation of methyl-arginine analogues 13 via conjugate addi-
tion was suggested [74]. Strategically similar cysteine-
based chemistry for acetyl-lysine analogues 11 is more
challenging; strain-promoted substitution reaction
yielded the first promising results [75] and thiol-ene
reactions using 10 (Figure 2d) prove reasonably efficient
[76]. Bis-alkylation and elimination to dehydroalanine
(Dha) allows the conversion of nucleophilic cysteinyl site
to electrophilic Dha and has been exploited [77°] through
the addition of thiol nucleophiles to generate various
P'TM analogues, including thialysine variants, in histones
[72]. Nevertheless, computational studies suggest that
the thioether linkages in such thialysines introduce struc-
tural distortions that may impact on their recognition (box
in Figure 2d,e) [78°].

The generation of constitutionally native, modified lysine
(and other) residues (chemical mutagenesis) via chemical
modification could be envisaged through C-C bond for-
mation [69,70]. Appropriate biocompatible Cg,3-Csps
bond formation reactions have recently been demon-
strated using C°® radical additions to Dha (Figure 2e)
[79°°,80]. The procedure is performed in two steps: the
first being the elimination (e.g. via dis-alkylation of cys-
teine) to Dha. Two main reagents for the formation of
Dha on proteins are used: DBHDA [77°] and MDBP
[81°,82°] allowing varied application to different target
proteins and even regioselective modulation of elimina-
tion sites by reagent type (unpublished observations).
The addition of a C-radical to Dha in the second step

can be mediated by use of either NaBH, [79°°,83] or an
elementary metal powder [79°°,80,83] with suitable radi-
cal precursors. Dha can also be generated from phospho-
serine [80], phenylselenocysteine [84] or alkylselenocys-
teine [85] residues that can be incorporated by genetic
code expansion, allowing useful flexibility in installation
strategies and potentially multiplexing of epigenetic
marks. Moreover, Dha formation on proteins containing
selenocysteine can be performed site-selectively by
exploiting differences in pK, [48].

Such post-translational chemical mutagenesis is a quite
direct, economical and accessible method to synthetically
incorporate constitutionally native P'T'Ms into histones,
under conditions that are sufficiently facile to be per-
formed even at the histone sub-complex or nucleosome
level. However, current mutagenesis protocols come at
the cost of typically mixed configuration (D/L) at the
a-carbon and the reaction currently does not yet effi-
ciently allow for bond formation to aromatic residues.
Nevertheless, promising approaches in peptidic sub-
strates [86,87] suggest possible avenues in proteins.

Methodological diversity covers most PTMs

With more than 150 histone P'T'Ms reported to date,
techniques for generation of chemically modified his-
tones not only need to cover the broad chemical diversity
in modifications, but also allow for possible experimental
high-throughput. Chemical mutagenesis experiments are
based on a ‘tag-and-modify’ approach [88], where the
addition reaction to a ‘tag’ such as Dha in a recombinantly
expressed protein conceptually allows for subsequent
combinatorial expansion via late-stage, divergent protein
modification chemistry and hence for the incorporation of
a broad range of functional groups. In strategies based on
genetic code expansion for the incorporation of uAAs that
demand development of tailored amino-acyl RNA
synthetases only limited structural plasticity may be
achieved, typically within quite confined limits. In more
labour-intensive protein semisynthesis schemes requiring
synthetic expertise, it can prove tough to match this broad
accessibility and throughput, despite the recent develop-
ment of ingenious methods for the encoding (e.g. via
DNA) of nucleosome libraries [89]. Yet both methods
allow the circumvention of the current limitations
encountered by chemical mutagenesis schemes, thereby
increasing the chemical diversity of modifications that can
be included in synthetic nucleosomes. As such, each
method complements the other: non-sense codon sup-
pression strategies are particularly useful for efficient
incorporation of certain, single aromatic and lysine-type
residues (often with ready transfer to cellular settings),
protein-semisynthesis schemes allow for the incorpo-
ration of several modifications in a single histone (an
important  feature when testing Histone Code
hypotheses and/or recruitment of interaction partners
based on modifications acting in concert) and chemical
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www.sciencedirect.com



Table 1

Synthetic post-translational modification of histones Nadal et al.

41

Challenging histone PTMs and illustrative current incorporation techniques
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mutagenesis allows ready late-stage diversification in a
structurally broad manner (typically 7z vitro). In this spirit,
suggestions for methods to introduce challenging mod-
ifications are presented in Table 1.

Whereas a range of techniques to chemically introduce
PTMs on histones have been described here separately,
combinations of these three approaches are therefore
most likely the way to achieve the diverse goals of
chromatin chemical biology, including access in relevant
contexts to many and large quantities of specifically and
selectively modified histones and nucleosomes.

Application of chemical biology tools for
understanding chromatin biology

The strikingly diverse chemical space of PTMs modu-
lates the structure and function of histone proteins in a
spatiotemporal manner, and thereby plays a fundamental
role in chromatin regulation. This is governed through
two different yet often coupled mechanisms [3,4]. The
first involves the modulation of nucleosome (and, thus,
chromatin) structure due to the perturbation of histone-
fold or histone—~DNA interactions upon histone modifica-
tion [90]. In the second mechanism, histone P'T'Ms acts as
molecular beacons for specific recruitment of ‘reader’ or
‘effector’ proteins to mediate downstream functions
[5,91]. Earlier chromatin biology studies relied on the
use of native nucleosome and chromatin templates,

bearing undefined mixtures of histone marks, thus limit-
ing the precise understanding of distinct histone marks in
epigenetic regulation. The maturation of various chemi-
cal toolkits leading to the ready synthesis of defined
histone proteins and designer nucleosomes, in conjuga-
tion with various biochemical and biophysical studies, has
allowed the field to overcome that limitation by being
able to establish initial causal relationships between
histone marks and chromatin dynamics and function.

Probing the modulation of chromatin structure

Charge-modulating histone PTMs such as acetylation,
phosphorylation, and ADP-ribosylation can potentially
alter electrostatic histone-DNA interactions, resulting
in modulation of nucleosome structure and stability
[90]. Indeed, acetylation of lysine residues is generally
believed to inhibit stabilising interactions between
lysines and nucleosomal DNA leading to a ‘relaxed’
chromatin state [92]. A recent study using synthetic
acetylated nucleosome revealed that modification of
H3-Lys64 residue lowers the stability of the nucleosome
due to reduced histone—DNA interaction [93]. The effect
of histone phosphorylation on nucleosome structure has
also been analysed; phosphorylation of H3-Thr118 leads
to apparent formation of two suggested non-canonical
nucleosome structures — so-called ‘nucleosome duplex’
and ‘altosome complex’ — whose exact physiological
roles are yet to be determined [94] Elegant use of
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biomolecular NMR with synthetic phosphorylated H3
variants showed that the dynamics of the H3 tail increase
upon charge-modulation, altering transient contacts to the
DNA and enhancing its general modifiability [95].

Similar to these charge-modulating histone PTMs, neu-
tral modifications may also regulate chromatin architec-
ture (Figure 3a). Synthetic mimicry of GlcNAcylation of
H2A-Thr101 appears to disrupt histone-fold interactions
leading to destabilised nucleosome structure [96]. Acety-
lation and ubiquitination of H4-Lys91 regulates nucleo-
some structure by perturbing the dimer—tetramer inter-
face of histone octamer [97,98] primarily via steric rather
than electrostatic effects. Intriguingly, even relatively
small modifications such as histone methylation can
apparently influence chromatin structure. Casadio ez a/.
used a semisynthetic approach to demonstrate that asym-
metric dimethylation of H3-Arg42 residue lowers nucle-
osome stability and stimulates transcription [99]. This
destabilisation of the nucleosome was attributed to the
change in histone—DNA interaction upon loss of potential
hydrogen bond. Similarly, dimethylation of H3-Lys79
results in a subtle structural reorganisation leading to
increased accessibility of the modified residue apparently
through loss of a hydrogen bond [100].

Probing interaction partners and downstream spreading
of modifications

In addition to elucidating the structural effect of histone
PTMs on chromatin dynamics, synthetic histone proteins
and designer nucleosomes have also allowed identifica-
tion of key interacting protein partners (Figure 3b). In a
seminal work, Bartke e @/. used designer nucleosomes
bearing modifications of nucleosomal DNA and H3 pro-
tein at Lys-4, Liys-9, and Liys-27 to affinity-enrich nucle-
osome-binding proteins from nuclear extracts [101°°].
The use of quantitative MS allowed them to identify
the preferential protein partners for individual as well as
combinations of epigenetic marks in an unbiased manner.
Rapid emergence of quantitative proteomics fuelled by
the advancement of mass spectrometers in terms of
sensitivity, sequencing efficiency/speed and mass accu-
racy coupled with new quantitative approaches has
allowed this approach to now become a mainstay for
identification of chromatin-binding proteins, over tradi-
tional western-blotting based methods [19°]. 'This
approach was further extended by using a defined
oligo-nucleosome template for affinity-enrichment of
binding protein partners [102]. A similar approach using
synthetic GlcNAcylated nucleosome has allowed the
identification of sub-units of FACT complex as

interacting protein partners for nucleosomes GlcNAcy-
lated at H2B-Ser112 [103°] and led to a suggested updat-
ing of prior molecular mechanisms for GlcNAcylation-
driven transcriptional activation that had been deter-
mined using only isolated GlcNAcylated-H2B protein
[104]. The latter example highlights that more represen-
tative nucleosomal context may prove critical and that
synthetic chemical biology should aim to build and use
such higher order structures as preferred probes.

Towards in vivo chromatin chemical biology

In vitro chromatin biology experiments have provided
valuables insights, yet these are reductionist approaches
with the obvious possibility of consequent artefacts —
that is key players might be missing from any reconsti-
tuted or probed system. Therefore, much effort is righty
focused on developing 77 vive chromatin biology techni-
ques [105].

Highly promising developments are occurring in the field
of genetic code expansion. Non-sense suppression muta-
genesis has been used for histones in mammalian cells
providing exciting insights into lysine acetylation
[37°,41]. Given the recently claimed expansion of the
technique to mouse as a model organism [106], more
complex organismal chromatin biology might be
expected to follow soon. Moreover, high affinity ultrafast
split inteins now allow for the incorporation of specific
modifications inside cells (Figure 3c¢) [60]. Recently, this
technique has been further (most impressively) improved
for locus-specific chromatin tailoring. Using the dCas9
targeting domains, Muir and co-workers were able to
direct synthetic modification towards locations in a cellu-
lar genome (Figure 3d) [107°°]. Such iz cellulo host-guest-
directed methods suggest modes of control that may even
eventually allow use of other ligand-directed, site-selec-
tive methods; ligand-directed chemical protein acetyla-
tion can be performed on native nucleosomes iz vitro
[108°°] and could provide a good candidate small-mole-
cule system for such 7z vivo transposition.

Outlook

In the last decade, synthetic chemical biology techniques
have emerged that provide tools for the precise molecular
investigation of chromatin biology. Whereas the iz vitro
generation of synthetic histones and designer nucleo-
somes can readily be achieved in complementary ways
using genetic code expansion, protein semisynthesis or
chemical mutagenesis, transposing these techniques to
suitable 7z vivo applications remains one of the key
challenges remaining in synthetic histone modification.

(Figure 3 Legend Continued) protein partners are quantified against each other using MS-based Label-free Quantification (LFQ). (c) Ultrafast split
intein technology allows for modification of chromatin. Using a pair with the Int™ genetically fused to histones and the synthetic Int® exogeneously
added, protein semi-synthesis can be performed in cellulo, thus incorporating the desired modification. (d) Using split inteins, a synthetic construct of
a histone bearing the target modification and the Cas9 directing system can be generated. Upon incorporation of the fusion construct into cells, the
modified histone is delivered to the target location in the cellular genome, thus influencing epigenetic processes in its close environment.

Adapted from [105].
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Given the central role of dynamically and diversely
altered higher order structures in epigenetics, the aim
ultimately is to reveal, study and/or control epigenetic
modification in its proper context both spatially and
temporarily. It seems likely that for us to truly compete
with the late-stage diversity generated by nature, then
late-stage chemical tools and methods will prove
important.
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