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Abstract

The genetic incorporation of unnatural amino acids (UAAs) into proteins by amber suppression
technology provides unique avenues to study protein structure, function and interactions both in vitro
and in living cells and organisms. This approach has been particularly useful for studying mechanisms
of epigenetic chromatin regulation, since these extensively involve dynamic changes in structure,
complex formation and posttranslational modifications that are difficult to access by traditional
approaches. Here, we review recent achievements in this field, emphasizing UAAs that help to unravel
protein-protein interactions in cells by photo-crosslinking or that allow the biosynthesis of proteins
with defined posttranslational modifications for studying their function and turnover in vitro and in

cells.
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Introduction

The incorporation of UAAs, in response to nonsense codons (such as the amber stop codon, UAG)
enables the biosynthesis of proteins with unique properties (Fig. 1A). This is achieved by the
heterologous expression of an orthogonal aminoacyl-tRNA synthetase (aaRS)/tRNAcya pair in the host
organism. The aaRS of this pair is evolved to charge an UAA of choice to its cognate tRNA, which in
turn is engineered to direct the incorporation of this UAA in response to amber codons (Fig. 1A). With
this approach, a plethora of useful UAAs has been added to the genetic code of various organisms
ranging from prokaryotes and yeasts to entire animals and plants [1]. The neo-functionalised proteins
are being employed in a wide range of applications [2], with studies on epigenetic mechanisms of
chromatin regulation being a particular focus. In the following, we review the most recent studies in
this field, dealing with elucidating protein-protein interactions with photo-crosslinking UAAs and

studying the function of posttranslational modifications (PTMs) by their direct incorporation as UAAs.

Photo-crosslinkers

The incorporation of photo-crosslinker UAAs at defined positions of a protein offers the opportunity
to trap its interactions with other macromolecules. Different types of crosslinker UAAs have been
successfully introduced into proteins of pro- and eukaryotes [3]. The most popular choice is p-benzoyl-
phenylalanine (BPA) because of its high crosslinking yield and commercial availability. Aromatic azides
and diazirines have also extensively been used for crosslinking. These compounds are less bulky and
hydrophobic than BPA and therefore have a lower potential to disturb the activity of the mutated
protein. Applications of crosslinker UAAs in epigenetics range from the study of static binary

interactions in vitro to the relative quantification of protein-protein interactions in living cells.

In vitro crosslinking

Recognition of H3 K9me3 by HP1 is required for heterochromatin formation [4,5]. How this interaction
drives heterochromatinization of genomic loci is, however, still controversial. Using BPA incorporation

in both the H3 K9me3 reading chromodomain and the dimerization mediating HP1 chromoshadow
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domain, it was shown that HP1 bridges fibres in condensed chromatin, thereby stabilizing the

compacted state [6].

Chromatin compaction is also directly influenced by PTMs. H2B ubiquitination interferes with fibre
compaction by acting as a 'wedge' between neighbouring nucleosomes. Fibre compaction also induces

ubiquitin-ubiquitin contacts, as shown by BPA-crosslinking, impairing oligomerization [7].

The identification of the crosslinked peptide by mass spectrometry provides additional structural
information. The challenge lies in the complex fragmentation pattern these peptides generate, limiting
the scope of this approach to well-defined systems. Incorporation of BPA in chromatin remodeler ISWI

provided insights into the function of its motor domain and into its regulation by H4-tail binding [8,9].

In vivo crosslinking

A particularly powerful application of crosslinker UAAs is to study protein-protein interactions in living
cells. The combination of site-specific incorporation and photo-activation provides precise control over
the reaction and is particularly useful to trap transient interactions and to map interaction surfaces.
The approach has been used to study the interaction of histone chaperones Asfl [10] and FACT [11]
with their substrates, and to reveal interactions of transcription factors with the Swi/Snf chromatin

remodelling complex [12] in yeast.

H2B ubiquitination is deposited by the Pafl complex during transcription. How exactly the complex
recruits the ubiquitination machinery was studied by BPA-crosslinking in live yeast (Fig. 1B) [13*]. The
Rtfl subunit of the Pafl complex was shown to directly interact with ubiquitin conjugase Rad6 via a
conserved surface of its histone modification domain (HMD). This report demonstrates the power of
BPA-crosslinking because standard methods did not detect this transient interaction reliably.
Furthermore, the crosslink reaction can be used to assay the dependence of an interaction on
additional factors. In this case, deletion of BRE1, the corresponding ubiquitin ligase, did not affect Rtf1-
HMD-Rad6 crosslinking but reduced crosslinking of full-length Rtf1 to Rad6. This suggests that Brel

regulates the Rtf1-Rad6 interaction indirectly via other subunits of the Pafl complex.
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Photo-crosslinking with UAAs can also be used to quantify interactions at different stages of a
synchronized process. The interaction of the H4 N-terminal tail with the acidic patch on neighbouring
nucleosomes was shown to peak in mitosis using BPA-crosslinking in cell cycle synchronized yeast [14].
Mutational studies, using the crosslink reaction as a readout, identified a signalling cascade that
controlled the interaction. This interaction contributes to the compaction of chromosomes in mitosis

independently of condensins [14,15].

Method development

The relative magnitude of the same crosslink reaction can be used to quantify interactions in different
contexts such as cell cycle stages or strain backgrounds. Crosslinking efficiencies, however, vary greatly
between different positions of UAA incorporation and are thus not a measure of affinities. The absence
of an expected crosslink is no evidence against an interaction. Sometimes alternative crosslinkers
produce different crosslink patterns. The influence of sequence context on crosslinking efficiency has
been studied [16,17], revealing a strong preference of BPA for methionine residues, representing a

potential source of quenching.

The identification of reader proteins for Ne-crotonyl-lysine has been facilitated by functionalizing its y-
carbon with a diazirine group to create a photo-affinity analogue (i, Fig. 1C) [18*]. Identification of
crosslinked proteins is usually the limiting step in the analysis. This can be achieved by comparing
crosslink reactions in two different strain backgrounds differing in the presence of an epitope tag on
the candidate protein that induces a mobility shift in Western blots. An unbiased identification of
crosslink products requires their isolation for analysis by mass spectrometry. This is often challenging
but has been achieved, e.g., for interactors of transcription factors in budding yeast [19*] and histone

H3 and H4 in mammalian cells [20*].

An even greater challenge, that usually requires the isolation of microgram quantities of crosslinked
material, is the identification of the crosslinked peptide itself and has so far only been mastered with

purified components. The development of bifunctional crosslinker UAAs with an additional
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bioorthogonal handle for enrichment of the crosslinked peptide (ii, Fig. 1C) [21] or a chemically
cleavable crosslinker (iii) [22,23] may facilitate such analyses with material from eukaryotic sources.
BPA-crosslinking has been combined with chemical crosslinking by formaldehyde [24]. This improved
the crosslinking efficiency of transient interactions and could also be used to simultaneously localise

the interaction on the genome.

Posttranslational modifications

Posttranslational modifications (PTMs) of histones extensively regulate the condensation state of
chromatin and thus its function in transcription, replication, and DNA repair [25]. PTMs can act alone,
but often multiple distinct PTMs on one or more histone tails act combinatorially to trigger distinct
downstream events [26]. Studying the roles of PTMs has been hampered by a limited synthetic access
to proteins with defined PTM patterns, however, chemical modification strategies such as ligation
methods [27] and amber suppression [28] have already made significant contributions to resolve this

bottleneck.

Lysine acetylation

Ne-acetyl-lysine (AcK, Fig. 2A) is a key regulatory PTM abundantly found in all histones [25,26]. Site-
specific incorporation of AcK by amber suppression has been achieved with an evolved M. barkeri
PyIRS/tRNAPV'(CUA) pair in E. coli [29] and stable mammalian cell lines [30**], and in a first study
revealed effects of H3 K56 acetylation on nucleosome breathing in in vitro FRET experiments [31]. Since
then, AcK has extensively been used to study the role of lysine acetylation in histones and other
proteins. For example, interactions of the PHD/BRD/PWWP reader cassette of ZMYND8 with
acetylated H3 and H4 peptides were studied in vitro, highlighting the importance of the BRD domain

[32].

Moreover, AcK was used in the context of reconstituted nucleosomes to study the role of H3K56Ac

and H3 K14Ac in base excision repair, i.e. the removal of deaminated cytosines and filling-in of single
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nucleotide gaps. Acetylation decreased the activity of DNA polymerase 3 at both positions, without

observable effect on nucleosome structure or dynamics [33].

In a further study, acetylation of kinase Aurora B was studied in view of its role in chromosome bi-
orientation during mitosis. Aurora B is part of the chromosomal passenger complex (CPC), which
governs chromosome segregation by generating spindle checkpoint signals and correcting aberrant
kinetochore-microtubule attachments. Aurora B can be activated by phosphorylation of T232 in its
activation loop, which can be reversed by dephosphorylation via phosphatase PP2A. Acetylation of the
single residue K215 close to the activation loop by acetyltransferase TIP60 was discovered to protect
T232 from this dephosphorylation and thus stabilize the active form. TIP60 itself is regulated via
phosphorylation by the cyclin-dependent kinase 1 (CDK1)-cyclin B complex, linking it to robust, error-

free metaphase-anaphase transition via a phosphorylation/acetylation signalling axis [34*] (Fig. 2B).

Amber suppression with AcK has further been utilized to study the activity and substrate scope of
histone deacetylases of the sirtuin class. For example, testing a larger set of AcK sites in histone H3,
SIRT1 and 2 were shown to exhibit lower substrate preferences on reconstituted nucleosomes in vitro
than expected from in vivo studies [35]. Moreover, the preference of SIRT6 to deacylate lysines bearing
long nonpolar acyl groups was exploited to study its histone substrate selectivity via a fluorescence
assay based on incorporation of the reporter amino acid Ne-(7-octenoyl)-lysine (OcK) that can be

conjugated to tetrazin-fluorophores [36].

Recently, AcK has even been used to develop fluorescent probes even for the intracellular detection
of histone deacetylase activity [37**]. Incorporation of AcK at a single lysine position in GFP (and
mCherry) was found to block chromophore maturation in E. coli. This position was found to be a
substrate of the endogenous E. coli deacetylase cobB, allowing it to trigger maturation and formation
of a fluorescence signal (Fig. 2C). This strategy was transferrable to several mammalian sirtuins
expressed in a AcobB E. coli strain. Moreover, when the probe was expressed in a mammalian cell line,

fluorescence was observed in the presence of classical Zn**-dependent histone deacetylase inhibitors,
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but not sirtuin inhibitors. Interestingly, incorporation of the PTM Ne-2-hydroxyisobutyryl-lysine (HibK,
Fig. 3A) [38] by amber suppression [39,40] afforded a functional probe that revealed cobB, SIRT1 and

SIRT2 but no other sirtuin as erasers of HibK [37**].

Other lysine PTMs

Besides AcK and HibK, the growing number of alternative lysine acylation types found in histones [41]
has led to the development of strategies for their incorporation into proteins by amber suppression.

Pyl

Using engineered PyIRS/tRNA™" pairs, Ne-propionyllysine (PrK), Ne-butyryllysine (BuK) and Ne-
crotonyllysine (CrK) (Fig. 3A) were the first PTMs to be incorporated into histones and other proteins
[42-44] including histone H4 [45]. Moreover, the genetic encoding of Ne-formyllysine (ForK [46], Fig.
3A) was reported later [47]. Incorporation of CrK (and other acyllysines) into H3K14 was used to study
the recognition scope of the double PHD Finger (DPF) reader domains of MOZ and DPF2, revealing that
both can accommodate a wide range of acylations at H3K14 with the strongest preference for CrK.

Crystal structural analysis of MOZ DPF showed accommodation of CrK in a tight hydrophobic pocket

assisted by water-mediated recognition of the amide group (Fig. 3B) [48].

Besides strategies for direct incorporation, a versatile approach for the two-step in vitro installation of
various acylation types on lysine was reported. Azidonorleucine was incorporated into proteins using
an evolved PyIRS mutant followed by its selective modification via a traceless Staudinger ligation.
Various acyl substituents on the phosphinothioester reactant were successfully used, enabling the
installation of all aforementioned acylation types on proteins. Moreover, larger and negatively charged
acyl substituents could be installed for that no PyIRS mutants are available, such as malonyl-, succinyl-
, glutaryl-, and biotinyl-substituents (Fig. 3C) [49*]. Another indirect strategy provided a new access to
Ne-dimethyllysine-modified histones, a PTM that could previously only be installed under denaturing
conditions [50]. Ne-(4-azidobenzyloxycarbonyl)-8,e-dehydrolysine was incorporated and the azido

group in the purified protein reduced with TCEP, leading to formation of §,e-dehydrolysine and
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subsequent hydrolysis of its enamine moiety. The resulting aldehyde was then reacted with

dimethylamine in a reductive amination, yielding the desired PTM [51].

Phosphorylation

Significant progress has also been made in the genetic encoding of phosphorylated amino acids.
Building on previous studies on incorporation of phosphoserine (pS) using the archaeal SepRS/tRNA®*
pair capable of charging pS to tRNA®* [52,53], redesign of the CUA-mutated tRNA anticodon loop and
its recognition by SepRS led to increased incorporation efficiencies of pS and allowed incorporation of
a nonhydrolyzable analogue after downregulation of pS biosynthesis [54]. Using this approach, twenty
differently linked phosphoubiquitin dimers bearing pS at three different positions were synthesized,
enabling insights into the role of phosphorylation on the linkage selectivity of E3 ligase UBE3C and of
alarge number of deubiquitinases [55*]. Beyond pS, also phosphothreonine (including its biosynthesis)

[56**] and phosphotyrosine (together with a nonhydrolyzable analogue) [57**] were genetically

encoded in E. coli recently.

Photo-activation

A powerful approach to follow the temporal progression of a physiological process within a living cell
is to introduce photocaged amino acids at essential residues in the participating proteins. For example,
in many cancers the key arginine in the active centre of the citric acid cycle enzyme Isocitrate
dehydrogenase 2 (IDH2) is mutated to lysine, resulting in high levels of the oncometabolite (R)-2-
hydroxyglutarate (2HG) contributing to cellular transformation (Fig. 4). By replacing the arginine with
a photocaged lysine the Chin group measured a rapid accumulation 2HG followed by an increase of 5-
hydroxymethylcytosine levels upon enzyme activation, which may contribute to an epigenetic
imbalance and cell transformation [58*]. Thus, amber suppression has yet an extendable application
in mammalian cells if temporally defined sequences of events, metabolic and epigenetic changes are

in the focus of interest.
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Outlook

The large number of UAA-based studies and the associated discoveries in chromatin biology illustrate
the growing impact of amber suppression technologies on this field. We expect that this impact will
keep increasing as amber suppression technologies become standard tools. The further development
of amber suppression in mammalian cell lines and animals promises great opportunities to study
chromatin dynamics and epigenetic phenomena at this level. Particularly the combination of this
technology with other methods such as proteomics and DNA sequencing-based high-throughput

methods will greatly enrich the tool kit of chromatin research in the future.
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These two studies demonstrate the genetic encoding of the central PTMs phosphothreonine and
phosphotyrosine.

58.* Walker OS, Elsasser SJ, Mahesh M, Bachman M, Balasubramanian S, Chin JW: Photoactivation of

Mutant Isocitrate Dehydrogenase 2 Reveals Rapid Cancer-Associated Metabolic and
Epigenetic Changes. / Am Chem Soc 2016, 138:718-721.

Photoactivation of a mutant form of IDH2 revealed the sequence of events following the production
of the onco-metabolite (R)-2-hydroxyglutarate.

Figure Legends

Figure 1. Use of UV-activatable UAAs in the study of epigenetic processes. A Unnatural amino acids
are encoded in response to UAG (amber) stop codons by the genetic addition of an aminoacyl-tRNA
synthetase/tRNAcya pair to the host system. Here exemplarily shown is the encoding of UV-activatable
crosslinker amino acids in histones of budding yeast. The synthetase is engineered to charge the tRNA
with a particular amino acid which is then incorporated into the growing polypeptide chain by the
ribosome. UV-crosslinker containing histones are integrated into the natural chromatin landscape by
endogenous processes where they can be induced to form crosslink products with interacting proteins.
B Trapping of a transient interaction of the Paf1C subunit Rtf1 with ubiquitin E2 conjugase Rad6 in vivo.
This interaction is critical for coupling transcription by RNA polymerase-2 to H2B ubiquitination and
had escaped identification by conventional methods [13*]. C Three novel UAAs that may facilitate MS

analyses of crosslink products [18*,21-23]. Novel functionalities are highlighted in red.

Figure 2. Genetic encoding of lysine acetylation. A Structures of lysine (K) and Ne-acetyl-lysine (AcK).
B TIP60-Aurora B signalling pathway ensures robust chromosome segregation [34*]. Aurora B is
activated by phosphorylation of T232 in its activation loop. The CDK1-cyclin B complex phosphorylates
the acetyltransferase TIP60 that can in turn stabilize the active phosphorylated Aurora B form via
acetylation of K215. C Incorporation of AcK at a single K position in GFP (or mCherry) prevents
chromophore maturation. Deacetylation by sirtuins such as cobB, SIRT1 and SIRT2 allows maturation,

enabling monitoring of intracellular sirtuin activity by fluorescence [37**].
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Figure 3. Genetic encoding of alternative lysine acylations. A Structures of post-translational Ne-
acylated lysines. B Crystal structure of the MOZ DPF binding pocket (grey surface) with accommodated
CrK (orange sticks) [48]. Key residues of the MOZ DPF are shown as grey sticks. Binding of CrK is assisted
by water-mediated hydrogen bonds (dashed red lines) with the amide group of CrK. C Genetic
incorporation of azidonorleucine into proteins followed by site-specific lysine acylations via a traceless
Staudinger ligation [49*]. The use of phosphinothioesters with varying acyl substituents enables
installation of a broad range of acylation types in vitro. As a side product, azidonorleucin is reduced to
lysine.

Figure 4. Photo-activation of an onco-enzyme drives cancer-associated epigenetic changes. An R172K
mutation in isocitrate dehydrogenase-2 (IDH2) is associated with many types of cancer where it drives
the formation of the onco-metabolite (R)-2-hydroxyglutarate. By replacing this lysine residue with a
photo-activatable derivative it was possible to quantify the rate of changes in hydroxymethyl-cytosine

levels affected by inhibition of ten—eleven-translocation (TET) enzymes [58%*].
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