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Abstract. Exciting new technological developments have pushed the boundaries of structural biology, and have enabled studies of biological
macromolecules and assemblies that would have been unthinkable not long ago. Yet, the enhanced capabilities of structural biologists to pry
into the complex molecular world have also placed new demands on the abilities of protein engineers to reproduce this complexity into the
test tube. With this challenge in mind, we review the contents of the modern molecular engineering toolbox that allow the manipulation of
proteins in a site-specific and chemically well-defined fashion. Thus, we cover concepts related to the modification of cysteines and other
natural amino acids, native chemical ligation, intein and sortase-based approaches, amber suppression, as well as chemical and enzymatic
bio-conjugation strategies. We also describe how these tools can be used to aid methodology development in X-ray crystallography, nuclear
magnetic resonance, cryo-electron microscopy and in the studies of dynamic interactions. It is our hope that this monograph will inspire
structural biologists and protein engineers alike to apply these tools to novel systems, and to enhance and broaden their scope to meet
the outstanding challenges in understanding the molecular basis of cellular processes and disease.
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1. Introduction
Since the first crystal structure of myoglobin (Kendrew et al. 1958), the three-dimensional (3D) reconstruction image of T4
bacteriophage tails by electron microscopy (EM) (De Rosier & Klug, 1968), and the solution nuclear magnetic resonance
(NMR) structure of proteinase inhibitor IIA (Williamson et al. 1985), structural biology has made tremendous strides toward
revealing intimate atomic level details that guide the function of biological molecules. We live at a time when we know the
structures of more than 120 000 (and counting – Source: http://www.rcsb.org/pdb/statistics/holdings.do) biological macro-
molecules, when we can visualize the inner workings of the ribosome (Ben-Shem et al. 2011), or the nucleosome interactions
that preserve the integrity and identity of our genome (Luger et al. 1997). At the same time, advances in instrumentation
engineering have pushed the frontiers of structural biology methodologies and have allowed experiments and accomplish-
ments that would have been unthinkable 30 years ago. Thus, it is now possible to record high-resolution movies of fast protein
motions using X rays (Tenboer et al. 2014), obtain cryo-EM electron density maps at sub 3 Å resolution (Campbell et al. 2015;
Merk et al. 2016), or record multidimensional NMR spectra of protein crystals (Igumenova et al. 2004). Yet, the task in front
of the structural biologist is getting harder and harder. The wealth of structural, biochemical and biological data has revealed
that many mammalian cellular proteins are very large (>50 kD) (Brocchieri & Karlin, 2005), that they are often part of com-
plex assemblies composed of many interchangeable molecular players, and that their function is often defined and regulated
by an intricate layer of post-translational modifications (PTMs). In addition, many disease-related biological macromolecules
do not have a defined secondary or tertiary structure at all, and function, instead, through intrinsic disorder and numerous
weak, transient interactions (Hyman et al. 2014; Tompa, 2012). To make sense of this complicated, multilayered and often
chaotic biological world, the structural biologist will become more and more dependent on the ability of protein engineers
to faithfully and efficiently reproduce this complexity in the test tube.

Analogous to the advances in instrumentation design and engineering that have allowed structural biology to travel far, the
tools of protein engineering have also become much more sophisticated, efficient and ultimately broader in scope over time. It
is now possible to routinely synthesize polypeptide chains that are 50 amino acids long, to stitch them together into much
longer chains without leaving any chemical scars (Dawson et al. 1994), and to decorate them with PTMs, biophysical probes
and chemical moieties that perturb or enhance their function. It is also possible to ‘persuade’ the cellular protein synthesis
machinery to produce polypeptide chains incorporating completely unnatural amino acids, thus expanding the genetic code
of engineered living organisms (Wang et al. 2001). The current protein engineering toolbox contains many biocompatible
chemical reactions, proteins with unique polypeptide ‘stitching’ abilities, and concepts and ideas that might ultimately
prove essential in solving the interesting and relevant structural biology problems of today (Fig. 1). As the structural biologist
might not be aware of all the current developments in protein chemistry, we intend this review as a resource that describes the
state-of-the-art protein engineering tools, keeping an eye on the past and future to provide context for their limitations and
the exciting new possibilities that undoubtedly lie ahead. We start with a very brief overview of recent advances in X-ray crys-
tallography, cryo-EM and NMR, and outline challenges where the tools of protein engineering might be the most impactful.
We then describe the contents of the molecular engineering toolbox that allow the construction of large modified proteins and
complex macromolecular assemblies. We continue with a discussion of the concepts and ideas that directly concern structural
biology methodology development. Our monograph ends with an outlook toward emerging trends in structural and chemical
biology and exciting new developments that will guide the two fields in the future.
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2. Advances and challenges in structural biology
2.1 X-ray crystallography

The workhorse of structural biology, X-ray crystallography, is more than 100 years old and has contributed nearly 90% of the
macromolecular structures deposited in the PDB (http://www.rcsb.org/pdb/statistics/holdings.do). Protein engineering has
long been part of the everyday life of the crystallographer as mutations, truncations and fusion proteins are often required
to ‘trick’ proteins into adopting a crystal form. There are many crystal structures of proteins containing PTMs or their ana-
logs, and chemical approaches are often used to trap interesting functional states, stabilize dynamic interactions or aid the
formation of crystals (e.g. racemic crystallography (Yeates & Kent, 2012)). Yet, the voracious need to test hundreds if not
thousands of single crystal growth conditions has certainly challenged the protein chemist to optimize her tools and deliver
relevant samples with much greater yields. Recent instrumentation developments such as X-ray free-electron lasers may
potentially alleviate this need as these sources allow the acquisition of room-temperature data from easier to obtain
micro-, nano- and 2D crystals (Neutze et al. 2015). Currently, there is also a growing demand for the construction of

Fig. 1. Molecular engineering toolbox for the structural biologist.
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homogeneous, chemically well defined and stable complex biological assemblies such as those relevant for chromatin biology,
for example.

2.2 Cryo-EM

Exciting developments in the last few years have propelled cryo-EM into the spotlight and turned this method into a main-
stream and vital structural biology technique that can achieve crystallographic resolution (Cheng, 2015; Nogales, 2016). The
commercialization of direct electron-detection cameras has allowed the acquisition of images with higher contrast and fast
readouts that can overcome beam-induced motion and radiation damage (Brilot et al. 2012; McMullan et al. 2009). On
the other hand, improvements in data analysis approaches have made it possible to characterize heterogeneous samples
and even rare structural states (Fernandez et al. 2013; Scheres, 2012). Coupled with other cryo-EM advantages (no need
for crystallization and only small amounts of sample required), these advances have made it possible to obtain subnanometer
(and in some cases <3 Å) resolution maps of integral membrane proteins (Matthies et al. 2016), biological polymers (von der
Ecken et al. 2015), chromatin (Song et al. 2014), as well as biological assemblies such as the transcription and translation
initiation complexes (Fernandez et al. 2013; He et al. 2013; Plaschka et al. 2016). In this context, protein chemistry and engi-
neering can have a tremendous benefit for the cryo-EM structural biologist in the design and construction of relevant bio-
logical samples such as post-translationally modified proteins. Perhaps more importantly, however, chemical biology
approaches such as cross-linking can allow the preparation of samples that are more robust and do not fall apart during sam-
ple vitrification. The addition of cross-linkers can also be extremely useful in integrated cryo-EM/mass-spec structural
approaches for samples where the high-resolution identification of protein–protein interfaces might not be possible
(Leitner et al. 2016).

2.3 NMR spectroscopy

NMR spectroscopy detects the magnetic properties of nuclei in molecules, which in turn provide a window into their sur-
rounding chemical environment. Uniquely suited to probe molecular structure and dynamics in solution at physiologically
relevant conditions (temperature, pH and salts) and ultimately non-destructive in its readout, NMR spectroscopy has long
been battered by its intrinsically low sensitivity. The introduction of ‘NMR-visible’ isotopic labels into biological macromol-
ecules has become a standard practice in the field, and efficient molecular engineering approaches that allow the installation of
nuclear isotopes at specific positions within the polypeptide or polynucleotide chain are highly desirable. Recent advances
such as (methyl)-TROSY and dark-state exchange saturation transfer experiments have pushed the molecular size limits of
solution NMR into the MDa regime (Fawzi et al. 2011; Pervushin et al. 1997; Tugarinov et al. 2003), while the rapid instru-
mentation and pulse sequence developments in magic angle spinning NMR have made it possible to pursue the structures of
large biological polymers such as amyloid fibrils (Fitzpatrick et al. 2013; Lu et al. 2013; Wasmer et al. 2008), bacterial secretion
needles (Loquet et al. 2012), membrane proteins embedded in their native lipid environments (Cady et al. 2010; Wang et al.
2013), or even the molecular composition of bones (Chow et al. 2014). Thus, molecular engineering approaches can have a
profound impact on the assembly of homogeneous, isotopically labeled and yet native substrates for structural investigation by
in vitro NMR. Also, uniquely suited to probe structure and dynamics in the cellular milieu (Burz et al. 2006; Frederick et al.
2015; Inomata et al. 2009; Sakakibara et al. 2009), NMR spectroscopy can benefit tremendously from chemical and molecular
biology techniques that allow the specific isotopic labeling of macromolecules in the cell.

3. Molecular engineering toolbox for complex biological samples
Before we delve into the chemistry, it is important to note that the methods described below complement the well-established
molecular biology framework that allows the manipulation of protein sequences at the genetic level. Such manipulations can
now be achieved in several different organisms ranging from bacteria (Escherichia coli, Lactococcus lactis), yeast
(Saccharomyces cerevisiae, Pichia pastoris), insect cells, and stable mammalian expression cell lines such as HEK293 and
CHO. Thus, we will start with review of the methodologies that can selectively modify natural amino acids introduced at spe-
cific protein positions with site-directed mutagenesis. We will then describe tools that can be used to ligate modified peptides
and proteins into longer polypeptide chains, including native chemical ligation (NCL), inteins and transpeptidases. We will
then discuss the molecular engineering toolbox afforded by incorporation of unnatural amino acids by amber suppression.
These chemical and genetic tools give chemists the ability to position bio-orthogonal reactive handles into polypeptide chains
with extraordinary precision and control, and we will end this section with discussion of bioconjugation approaches that take
advantage of this rapidly evolving expertise.
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3.1 Cysteine chemistry

The field of protein chemistry would have been very different in a world without cysteines. Indeed, many of the protein chem-
istry tools that exist today have been developed to exploit the reactivity of the cysteine sulfhydryl group that uniquely stands
out among a sea of other protein side-chains. Cysteines are relatively rare in Nature (<2% abundance), and their high nucle-
ophilicity makes them good candidates for the development of selective chemical reactions that work well in protein compat-
ible conditions (aqueous solution, physiological pH and temperature). Generally, these reactions can be divided into three
types: (1) cysteine alkylations, (2) oxidations and (3) desulfurization reactions, each providing a unique way to exploit the
reactivity of this amino acid and a pathway to build proteins with distinct and desirable properties (reviewed in (Chalker
et al. 2009; Spicer & Davis, 2014)) (Fig. 2).

Alkylation reactions have long been used to modify cysteine containing proteins and rely on familiar reagents such as iodoa-
cetamide and maleimide. By careful control of the buffer pH, these electrophiles can selectively react with the cysteine sulf-
hydryl group and tether additional functionalities to the protein of interest. Iodoacetamides and other α-halocarbonyls, for
example, have been used to attach carbohydrate moieties to proteins and create glycoprotein mimics (Macmillan et al.
2001; Tey et al. 2010). Maleimides, on the other hand, are commercially available and user-friendly means to add spectro-
scopic probes to proteins, including fluorescent, electron paramagnetic resonance (EPR) and paramagnetic relaxation
enhancement (PRE) labels. Aminoethylation of cysteines also provides a cheap and convenient way to generate lysine meth-
ylation analogs, available in the mono-, di- and tri-methylation states (Simon et al. 2007). In recent years, the chemist’s atten-
tion has turned toward the development of more advanced cysteine bioconjugation protocols that circumvent, for example,
the reversibility of maleimide additions in the presence of external bases and thiols (Lyon et al. 2014), or provide the oppor-
tunity to conjugate additional functionalities (such as aryl groups) under an expanded range of reaction conditions
(Vinogradova et al. 2015).

Cysteine oxidation in the protein context is usually associated with the formation of disulfide bonds, a unique structural trans-
formation with often dramatic consequences to protein function. In the test tube, disulfide bonds are very easy to build – all that
is required is basic pH and exposure to air. Furthermore, the reaction is fast and does not require large excess of reagents.
Therefore, it comes as no surprise that protein chemists often exploit disulfide bonds as means to attach useful functionalities
to proteins of interest. The challenging aspect of such protocols is to ensure that only the desired disulfide bonds are formed and
the final product is not a mixture of homo- and heterodimer species. A common strategy used to alleviate this problem relies on
controlled cysteine activation and disulfide exchange based on the lower pKa of aromatic thiols. In this case, a selected cysteine
side-chain can be activated (and protected) at low pH with the aromatic thiol, and upon addition of the other thiol-containing
component and increase in pH, the aromatic disulfide bond is exchanged with the desired connectivity (Pollack & Schultz, 1989;
Rabanal et al. 1996). This strategy has found diverse applications ranging from the design of cytochrome peptides (Rabanal et al.
1996) to the tethering of ubiquitin moieties to various proteins (Chatterjee et al. 2010; Chen et al. 2010a; Meier et al. 2012).
Other activating molecules include methanethiosulfonates, glycosyl and allylic thiols with applications in protein glycosylation,
prenylation and sulfenylation (Gamblin et al. 2008; Grayson et al. 2005; van Kasteren et al. 2007).

While the formation of disulfide bonds is fast and facile, they are just as easily destroyed in the presence of common biochem-
ical reducing reagents or in the cellular environment where glutathione is present at high concentrations. If compatible link-
ages are desired, it is possible to convert the disulfide to a thioether bond, which is stable under reducing conditions. This is
essentially a desulfurization reaction that proceeds with the formation of a dehydroalanine intermediate. Dehydroalanines, on
the other hand, can be useful stepping stones to a vast number of protein PTMs, reactions that will be discussed in more detail
in Section 3.7. Another key desulfurization reaction involves the conversion of cysteine to alanine. This transformation, dis-
cussed in more detail in Section 3.3, is particularly important for NCL, as it allows the construction of polypeptide chains
without cysteine ‘scars’.

Cysteines are relatively rare in polypeptide chains and are usually essential for protein function. Thus, the outstanding chal-
lenge for the protein chemist is to find new approaches and reaction conditions that target only the desired residues in a poly-
peptide chain. Many of these efforts are focused on the search of suitable peptide sequences that can provide the necessary
amino acid context for tuning side-chain reactivity. For example, Tsien and co-workers have developed tetra-cysteine motifs
that can be selectively targeted with biarsenic reagents, including in living cells (Griffin et al. 1998). Pentelute and co-workers,
on the other hand, have reported the so-called ‘π-clamp’ sequence (Phe–Pro–Cys–Phe) that reacts preferentially with per-
fluoroaromatic moieties in aqueous solvents (Zhang et al. 2016a). Excellent selectivity can be obtained by replacing cysteine
with selenocysteine (reviewed in (Metanis et al. 2009; Yoshizawa & Bock, 2009), a rare natural amino acid that shares many of
the desirable properties of the cysteine side-chain, yet is more acidic and substantially more reactive at lower pH (selenol pKa
is ∼5·2 versus 8·3 for thiols).
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3.2 Chemical modification of other amino acids

In addition to cysteine, several other natural amino acids present functional groups that can be targeted for protein modifi-
cation (reviewed in (Basle et al. 2010; Spicer & Davis, 2014)). These include lysine, tyrosine, arginine, glutamate, aspartate,
serine, threonine, methionine, histidine and tryptophan side-chains, as well as N-terminal amines or C-terminal carboxyls
(Basle et al. 2010; Hu et al. 2016; Lin et al. 2017). The modification of these residues is less precise as they are significantly
more abundant than cysteine, yet, some selectivity can be achieved in a context-dependent manner. The primary amines of
lysine side-chains are often popular targets due to favorable reaction kinetics that can be achieved with activated esters such as
N-hydroxysuccinimide (Kalkhof & Sinz, 2008) (Fig. 3a), isothiocyanates (Nakamura et al. 2009), or aldehydes in a reductive
alkylation reaction with sodium cyanoborohydride (Jentoft & Dearborn, 1979; McFarland & Francis, 2005). Since these reac-
tions usually modify all accessible lysine side-chains, they can be used in applications that require multiple modifications (e.g.
therapeutic protein conjugates) or in protein cross-linking for mass spectrometry analysis (Holding, 2015). An example of a
more discriminating lysine-based modification strategy involves the 6π-aza-electrocyclization reaction with unsaturated alde-
hyde esters that targets solvent-accessible lysine residues with excellent selectivity and reaction kinetics, and has been used for
the attachment of fluorescent or positron emission tomography probes (Tanaka et al. 2011). Yet, further selectivity can be
achieved by discriminating the lower pKa of N-terminal amino groups (∼8) from the pKa of the ε-amine of a lysine side-
chain (∼10·5). The identity of the N-terminal amino acid may further change the reactivity of the α-amine, although
more general modification strategies have been developed. For example, functionalized ketenes can preferentially react
with the α-amine in the context of 13 different N-terminal amino acids (Chan et al. 2012), while 2-pyridinecarboxyaldehydes
provide efficient and specific N-terminal labeling for all amino acids except proline (MacDonald et al. 2015) (Fig. 3b). The
unique reactivity of the N-terminus is also central to the mechanism of native chemical ligation, discussed in Section 3.3.

A set of chemical reactions has also been developed for the specific modification of the aromatic electron-rich tyrosine side-
chain. The selectivity of tyrosine-focused reactions usually exploits the low exposure of this residue on native protein surfaces
and its susceptibility to oxidation (ElSohly & Francis, 2015; Seim et al. 2011). In particular, modification of the ortho-position

Fig. 2. Chemical modification of cysteine residues.

6

https://doi.org/10.1017/S0033583517000051 Published online by Cambridge University Press

https://doi.org/10.1017/S0033583517000051


can be achieved with diazonium salts (Schlick et al. 2005) or the three-component Mannich-type reaction with aldehydes and
anilines (Joshi et al. 2004; McFarland et al. 2008) (Fig. 3c). While some side-reactions have been known to occur, it has been
possible to optimize the selectivity of the Mannich-type reaction to achieve efficient modification of a single tyrosine residue
with an EPR spin label in the presence of disulfide and tryptophan functionalities (Mileo et al. 2013). Proteins containing few
surface exposed tyrosine residues can also be modified at low concentrations (5 µM) in aqueous solvents with π-allylpalladium
reagents (Tilley & Francis, 2006).

Carboxyl groups in glutamate and aspartate side-chains can be targeted with water-soluble carbodiimides such as N-ethyl-3-
N′-N′-dimethylaminopropylcarbodiimide (EDC) (Fig. 3d). In what is essentially a standard peptide coupling reaction, this
reagent pairs carboxyls and amines in a covalent amide bond under aqueous conditions in a pH-dependent manner
(Gilles et al. 1990). Commonly employed as a cross-linking reagent for the identification of protein–protein interactions in
biochemical assays and mass spectrometry, EDC can also be used to modify protein assemblies such as viral capsids with
a variety of functional and biophysical probes (Schlick et al. 2005). While EDC-based reactions do not discriminate between
side-chain and C-terminal carboxyl groups, unique reactivity at the C-terminus can be generated by replacing the carboxyl
functionality with a thioester, as discussed in the sections below.

3.3 Native chemical ligation

The unique reactivity of the cysteine side-chain and the positional control afforded by the protein N- and C-termini are at the
heart of a simple, yet powerful, chemical reaction that allows the construction of native polypeptide chains from peptide-
building blocks. This methodology, called NCL (Dawson et al. 1994), grants unprecedented control over the chemical

Fig. 3. Chemical modification of natural amino acids. (a) Modification of lysine ε-amines with activated esters such as
N-hydroxysuccinimide. (b) Modification of terminal α-amines with 2-pyridinecarboxyaldehydes. (c) Three-component Mannich reaction
for tyrosine modification at the ortho-position. (d) Coupling of carboxyls and amines with carbodiimides such as EDC.
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functionalities that can be introduced in a polypeptide chain and is a fundamental tool in the repertoire of protein chemists.
NCL simply requires two components with the following properties: (1) a peptide with a C-terminal thioester, and (2) a pep-
tide with an N-terminal cysteine residue (or functional equivalent). When these components are mixed, the cysteine side-
chain attacks the thioester of the other peptide, resulting in the formation of an intermolecular thioester (Fig. 4). This inter-
mediate rapidly and irreversibly rearranges to form a native peptide bond, thus ligating the two fragments. Since both peptides
can be produced by solid-phase peptide synthesis, virtually any modified natural or unnatural amino acid, spectroscopic
probe, cross-linker or isotopic label can be incorporated at a well-defined position into the ligated sequence (Dawson &
Kent, 2000). Moreover, in contrast to biosynthetic approaches such as amber suppression (see Section 3.6), there is no prac-
tical restriction on the number, or type, of unnatural amino acids that can be introduced – this point is driven home by the
total synthesis of enantiomeric proteins composed of all D-amino acids (Mandal et al. 2012). The remarkable chemoselectivity
of the NCL reaction means that ligations can be performed under aqueous conditions in the presence of internal cysteine
residues. NCL is also compatible with protein denaturants or detergents allowing the construction of aggregation prone poly-
peptide chains or even polytopic membrane proteins (Hejjaoui et al. 2012; Kwon et al. 2015; Valiyaveetil et al. 2006). The
fragment bearing the N-terminal cysteine can also be produced recombinantly, usually preceded by a cleavable tag or fusion
protein to avoid N-terminal cysteine processing complications in bacteria. Alternatively, the thioester component can be gen-
erated recombinantly with the help of proteins called inteins (Muir et al. 1998) (see Section 3.4). It is also possible to perform
sequential NCL reactions, allowing three or more building blocks to be assembled in a regioselective fashion (Mandal et al.
2012; Torbeev & Hilvert, 2013). These advances thus allow the construction of considerably larger polypeptide chains that
would be accessible from two synthetic peptides alone.

While NCL results in a native peptide bond, the required cysteine may still produce an unwanted ‘scar’ at the ligation junction
– i.e. in cases where the target does not contain a native cysteine at an appropriate ligation point. If the final ligation product
does not contain other cysteine residues, then the undesirable cysteine can be converted to alanine in a subsequent desulfur-
ization step. Options for desulfurization reactions include reduction with metals or radical desulfurization mediated by the
familiar tris(2-carboxyethyl)phosphine (TCEP) reagent (Dawson, 2011; Wan & Danishefsky, 2007; Yan & Dawson, 2001).
Selective desulfurization reactions are also possible in the presence of other cysteine residues, provided that compatible protect-
ing groups are used on the non-targeted cysteine side-chains (Ficht et al. 2007; Pentelute & Kent, 2007). Alternatively, selective
ligation and desulfurization of selenocysteine can provide additional sequence positional control (Hondal et al. 2001; Reddy
et al. 2016). Today, desulfurization has become a routine part of NCL protocols and the abundant alanine residue is a
commonplace choice for a ligation site. To expand the junction amino acid set, a more advanced strategy involves the incor-
poration of β- and γ-thio amino acids. These moieties replace the cysteine-like residue at the N-terminal position, and provide a
reactive thiol for trans-thioesterification. Desulfurization protocols can then produce the desired native side-chain. While liga-
tions at such sites proceed more slowly due to increased steric hindrance, NCL can now be performed at phenylalanine (Crich
& Banerjee, 2007), valine (Chen et al. 2008; Haase et al. 2008), leucine (Harpaz et al. 2010; Tan et al. 2010), threonine (Chen
et al. 2010b), lysine (El Oualid et al. 2010; Kumar et al. 2009; Yang et al. 2009), proline (Shang et al. 2011), glutamine (Siman
et al. 2012), arginine (Malins et al. 2013), tryptophan (Malins et al. 2014), aspartate (Thompson et al. 2013), glutamate (Cergol
et al. 2014) and asparagine (Sayers et al. 2015). Work also continues on more streamlined ligation/desulfurization approaches
that remove purification steps and increase the yield of ligated products (Moyal et al. 2013; Thompson et al. 2014).

The preceding discussion highlights just a few of the many refinements and extensions the NCL strategy has undergone since
its introduction over 20 years ago (Harmand et al. 2014; Malins & Payne, 2015). As a consequence of this massive effort, the
technique has become a central tool in protein science, having been applied to literally hundreds of protein targets. Of par-
ticular relevance here, it has provided the raw materials for numerous structural biology studies that have employed a broad
range of spectroscopic or crystallographic methods (Fig. 5) (Grosse et al. 2011; Kent et al. 2012; Muralidharan & Muir, 2006).
In general, the ability to modify any atom in the protein of interest with the precision afforded by synthetic organic chemistry
is enormously powerful for dissecting protein function, especially when combined with high-resolution structural approaches
such as NMR spectroscopy and X-ray crystallography. Thus, we imagine that NCL will continue to evolve as an approach and
be integrated into structural biology campaigns.

3.4 Inteins

Inteins (intervening proteins) are a peculiar group of proteins that can excise themselves from a larger precursor polypeptide
chain, a process that leads to the formation of a native peptide bond between the flanking extein (external protein) fragments.
This auto-processing event, called protein splicing, is analogous to the self-splicing of RNA introns and is spontaneous, i.e. it
does not require external factors or ATP. Since they were first discovered in the early 1990s (Hirata et al. 1990; Kane et al.
1990), thousands of putative intein domains have been identified in the genomes of many unicellular organisms and viruses,
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with some containing multiple inteins in their genomes or even within the same gene (Perler, 2002; Shah & Muir, 2014).
A small fraction of the known inteins has an even more curious property – the intein is split into two fragments, each
fused to a separate extein fragment (the N- and C-exteins) (Wu et al. 1998). These intein fragments, called split inteins,
are transcribed and translated separately, and upon a spontaneous and non-covalent association in the cellular milieu,
they carry out protein splicing in trans to unite the extein fragments into a single polypeptide chain. While it is known
that many inteins are embedded within essential protein genes (such as DNA or RNA polymerase, ribonucleotide reductase
or metabolic enzymes), their evolutionary origins and biological significance remain mysterious, and only a small percentage
of the identified intein domains have been carefully characterized (Pietrokovski, 2001; Shah & Muir, 2014). Despite these big
gaps in our knowledge, the unique reactivity of inteins has turned them into a versatile and transformative tool in protein
chemistry and chemical biology. For a detailed overview of intein applications, we refer the interested reader elsewhere
(Shah & Muir, 2014; Topilina & Mills, 2014; Volkmann & Mootz, 2013; Wood & Camarero, 2014). Here, we will focus
on aspects of intein function that would be of use to the structural biologist looking to install site-specific PTMs, segmentally
label proteins with NMR isotopes, or aid the purification of recombinant polypeptides. Inteins have come a long way since
their first applications in structural biology (Xu et al. 1999; Yamazaki et al. 1998), so we will end this section with a discussion
of the current members of the intein toolbox and research directions taken to circumvent their limitations.

3.4.1 The intein splicing mechanism

Despite the low-sequence homology of known intein domains, they share a common protein splicing mechanism that relies
on several conserved residues in the intein/extein polypeptide (Fig. 6a) (Volkmann & Mootz, 2013). One of these key residues
is a cysteine (or in some cases a serine) at position 1 of the intein sequence. This nucleophilic side-chain attacks the amide
carbon of the N-extein at position −1 (Fig. 6b) resulting in an N to S(O) acyl shift and the formation of a linear thio(oxy)ester
intermediate. This intermediate is subject to a nucleophilic attack by a side-chain (cysteine, serine or threonine) at position +1
on the C-extein leading to trans-(thio)esterification and the generation of a branched intermediate. The branched interme-
diate is resolved through the cyclization of the C-terminal asparagine of the intein and results in intein excision from the
polypeptide chain. Next, the spliced exteins quickly undergo an S(O) to N acyl shift to form a native peptide bond (i.e. iden-
tical to the last step in NCL). The protein splicing mechanism is facilitated by several conserved threonine and histidine res-
idues occupying strategic positions in the intein structural fold (Frutos et al. 2010). The efficiency and kinetics of the splicing
mechanism may also depend on the identity of the residues immediately flanking the intein placing important constraints on
the choice of ligation junction (Cheriyan et al. 2013; Iwai et al. 2006; Shah et al. 2012).

3.4.2 Applications in protein engineering

Expressed protein ligation (EPL) is an extension of NCL that employs a contiguous intein to recombinantly generate a protein
bearing a C-terminal thioester (Muir et al. 1998). In this case, the N-extein is fused to a modified intein construct lacking the
ability to perform trans-thioesterification. Instead, this step is performed by an exogenously added thiol, resulting in cleavage
of the N-extein α-thioester intermediate (Fig. 7a). The resultant thioester can be used in NCL reactions as described in Section
3.3, while the recombinant origin of this fragment allows the construction of much larger semi-synthetic proteins as compared

Fig. 4. Native chemical ligation at cysteine followed by desulfurization to alanine for the construction of larger polypeptide chains with-
out any ‘scars’.
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to total chemical synthesis by NCL. The efficiency of thioester generation rests on the propensity of the intein to avoid
unwanted side reactions that result in premature N-extein cleavage and hydrolyzed products, problems that can be alleviated
by the use of streamlined EPL protocols (Vila-Perello et al. 2013). Alternatively, hydrolysis of the N-extein under slightly basic
conditions can be exploited in the so-called tagless protein purification protocols (Batjargal et al. 2015; Guan et al. 2013;
Southworth et al. 1999) (Fig. 7b). In this case, the protein of interest is fused to an intein carrying the appropriate mutations
and a suitable purification tag. The tag can be used for affinity column enrichment of the construct, followed by increase in the
buffer pH. This results in the release of the tagless protein while the intein remains on the column.

Harnessing the protein trans-splicing (PTS) process mediated by split inteins offers an alternative approach to the ligation of
polypeptide building blocks (Fig. 7c). Natural split inteins are especially attractive in this regard due to the extremely high
affinity between the fragments (Shah et al. 2011, 2013) – this renders the ligation reaction less dependent on reagent concen-
tration as compared to strictly chemical processes like NCL/EPL. Using orthogonal split intein pairs, it is also possible to per-
form one-pot three-piece ligations (Carvajal-Vallejos et al. 2012; Shah et al. 2011; Shi & Muir, 2005) resulting in the
regiospecific assembly of the associated extein building blocks. While most natural split inteins have N- and C-fragments
that are relatively large, it is possible to generate artificially split inteins that are as short as six or eleven residues
(Appleby et al. 2009; Ludwig et al. 2006). There is also an efficient natural split intein pair (AceL–TerL) where the
N-intein fragment is only 25 amino acids long (Thiel et al. 2014). Thus, it is now possible to use PTS with both synthetic
or recombinant intein fragments and to install a wide range of N- or C-terminal chemical modification, including biophysical
probes. One of the most important applications of PTS in structural biology is protein segmental isotopic labeling discussed in
Section 4.2. Other applications include the cyclization of proteins and peptides (Lennard & Tavassoli, 2014; Scott et al. 1999),
conditional protein splicing (Mootz et al. 2003; Schwartz et al. 2007), and protein semi-synthesis in cells (David et al. 2015).

3.4.3 Toward fast and promiscuous inteins

The first intein tools were introduced in the mid-to-late 1990s. One of the ‘early’ inteins, the 198-residue gyrase A intein from
Mycobacterium xenopi (Mxe GyrA) (Southworth et al. 1999), still used today, exhibits many desirable properties for

Fig. 5. Examples of constructs prepared by NCL and EPL for X-ray crystallography studies. (a) D-alanine was introduced at position 77
in the sequence of the potassium channel KcsA to elucidate its ion selectivity mechanism (Valiyaveetil et al. 2006) (PDB ID: 2IH3). (b)
Acetylated lysine (Ac) was incorporated at postions 401 and 408 in S-Adenosylhomocysteine hydrolase (SAHH) to evaluate the structural
basis of enzyme inhibition (Wang et al. 2014b) (PDB ID: 4PFJ). (c) Chemical synthesis of HIV protease afforded the site-specific incorpo-
ration of unnatural amino acids such as 2-aminoisobutyric acid to modulate conformational dynamics and catalysis (Torbeev et al. 2011)
(PDB ID: 3IAW). (d) Semi-synthesis of Mxe GyrA and the installation of β-thienyl-alanine instead of the native histidine at position 187
provided a route to trap the branched intermediate of the intein (Liu et al. 2014b) (PDB ID: 4OZ6).
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applications in protein engineering – it is relatively small, can be efficiently expressed in E. coli, works in moderate concen-
trations of denaturants and its activity can be controlled with temperature. The first ‘natural’ split intein was discovered in
1998 in the cyanobacterium Synechocystis sp. strain PCC6803 (Ssp) where it was found to ligate two fragments of the catalytic
subunit of DNA polymerase III (DnaE) (Wu et al. 1998). This discovery paved the road to more efficient protein trans-
splicing and opened the way to using split inteins in other applications such as the cyclization of proteins and peptides
and the creation of large cyclized libraries for potential therapeutic applications (Scott et al. 1999).

While these first generation intein tools were certainly enabling (Vila-Perello & Muir, 2010), they were not without their lim-
itations – in retrospect, one could even say they were rather fussy and slow. For example, depending on the fusion partners,
splicing (or thiolysis) could take hours to days and was often inefficient (Muralidharan & Muir, 2006). These ‘idiosyncrasies’
constrained the application of inteins in structural biology and fueled the search for faster, more promiscuous and efficient
inteins. Several important discoveries in the mid-2000s challenged the view that all natural inteins are inefficient and slow. A
genomic study of cyanobacterial genes expanded the DnaE intein family (Caspi et al. 2003) and the characterization of one
newly discovered member, the DnaE intein from Nostoc punctiforme (Npu) revealed a few surprises. This split intein could
perform protein trans-splicing reactions in vitro on a minute timescale and was much more tolerant to sequence deviations on
the attached exteins than Ssp ((Iwai et al. 2006; Zettler et al. 2009). Now we know that many members of the DnaE family are
fast (Shah et al. 2012), thus greatly expanding the choice of natural intein tools for the efficient generation of protein
α-thioesters for EPL or the ligation of protein fragments in PTS (Table 1). Furthermore, efficient natural split inteins that
are not part of the DnaE family have also been discovered and these include the gp41-1 and gp41-8 inteins (with insertion
sites in the gp41 DNA gyrase gene), the IMPDH-1 intein (splitting a gene coding for inosine-5′-monophosphate dehydroge-
nase), the NrdJ intein (splitting the gene coding for the ribonucleotide reductase subunit NrdJ) (Carvajal-Vallejos et al. 2012),
and the AceL–TerL pair (discovered in metagenomics data from the antarctic permanently stratified saline Ace Lake) (Thiel
et al. 2014). These proteins bring more diversity to the intein molecular engineering toolbox, including splicing rates that are

Fig. 6. Intein structure and mechanism. (a) Intein/extein residues important for splicing. (b) Protein splicing mechanism of contiguous
inteins. In some cases, the hydroxyl groups of Ser/Thr act as nucleophiles in the first two steps.
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an order of magnitude faster than those for NpuDnaE; N- and C-intein fragments that are relatively short and can be made by
peptide synthesis rather than recombinantly; the option of utilizing serine instead of cysteine at the +1 position; and the pos-
sibility of exploiting orthogonality in one-pot multi-piece ligations.

Careful biochemical characterization of newly discovered inteins has provided insights into the principles governing fast splic-
ing and extein tolerance. For example, a batch mutagenesis approach that compared the slow split intein DnaE family member
Ssp and the fast Npu split intein revealed that speed is determined by a handful of ‘accelerator’ residues located in the second
shell of the folded protein, adjacent to the intein active site (Stevens et al. 2016). These residues were used as a filter in an
informatics analysis of the DnaE sequence database, leading to the identification of several dozens of other split inteins pre-
dicted to support ultrafast splicing. A consensus split intein sequence, termed Cfa, was then derived from this putative fast set
and was found to possess quite remarkable properties; in addition to splicing faster than Npu at ambient conditions, Cfa is
extremely robust, maintaining efficient activity at 80 °C or in the presence of up to 4 M guanidinium chloride or 8 M urea. As
a result of these attributes, Cfa was found to be a superior tool for several PTS applications (Stevens et al. 2016).

3.5 Sortases

Sortases are a class of cysteine transpeptidases responsible for the attachment of virulence proteins to the cell wall of
Gram-positive bacteria (Mazmanian et al. 1999). They are also involved in the polymerization of pilin subunits to form
the pilus structures responsible for bacterial attachment to the host and biofilm formation (Mandlik et al. 2008). As important
players in bacterial virulence, they have evolved to recognize a specific sorting sequence (LPXTG in the case of Staphylococcus
aureus) and to attach the virulence factor to the cell wall using a pentaglycine cross-bridge (Ton-That et al. 2000). Naturally,

Fig. 7. Protein engineering with inteins. (a) Expressed protein ligation. (b) Tagless protein purification. (c) Protein trans-splicing and
recombinant production of segmentally isotopically labeled proteins.
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sortases are of a considerable interest as drug targets, but they have also become an important and versatile protein engineer-
ing tool (Mao et al. 2004). Most sortase-based applications utilize the soluble fragment of wild-type or modified sortase A
from S. aureus. These enzymes recognize the LPXTG motif and use their catalytic cysteine residue to cleave between the thre-
onine and glycine backbone within the recognition sequence (Fig. 8). The cleavage reaction involves a thioacyl intermediate
similar to the intermediates generated by cysteine proteases (Aulabaugh et al. 2007). Unlike the water molecules employed by
proteases, however, sortases use a nucleophilic attack from the N-terminus of an oligoglycine motif to create a peptide bond
between the acyl donor and acceptor. This results in the ligation of polypeptide chains that are subsequently connected with a
LPXT(G)5 linker. The sortase mechanism also requires binding of Ca2+ to a dynamic loop of the enzyme, an event that slows
down the loop motion and allows enough time for the substrate to find the catalytic site (Naik et al. 2006). Another peculiarity
of sortase-based ligations is their reversibility: the generated ligation site has the recognition sequence LPXTG and can serve as
an acyl donor, while the released fragment contains an aminoglycine acyl receptor. Thus, to obtain efficient ligations, the
donor or acceptor polypeptide chain typically has to be added in large excess (Guimaraes et al. 2013).

Analogous to intein technology development, sortases have considerably improved as protein engineering tools since their
introduction in 2004 (Antos et al. 2016). The sortase-based protein engineering toolbox now contains evolved variants
that exhibit much faster kinetics or that eliminate Ca2+-dependence (albeit at the cost of slightly reduced enzyme activity)
(Chen et al. 2011; Hirakawa et al. 2015; Wuethrich et al. 2014). There are also alternatives based on S. aureus sortase A
or homologs from other organisms that can recognize variations of the LPXTG motif and/or allow non-glycine amino
acids as the acyl acceptor (Antos et al. 2016; Dorr et al. 2014; Glasgow et al. 2016). To increase the yields of the ligation reac-
tion, several clever strategies have been employed. In situations where the released aminoglycine peptide fragment is relatively
small, it can be removed by dialysis or centrifugation while the reaction is proceeding (Freiburger et al. 2015). Affinity immo-
bilization strategies or flow-based platforms have also been used for the selective removal of reaction components (Policarpo
et al. 2014; Warden-Rothman et al. 2013). Alternatively, the equilibrium of the reaction can be controlled by ligation product
or by-product deactivation. In the first case, a WTWTW motif was added to the donor and acceptor, and upon ligation this
sequence promoted a stable hairpin at the ligation junction, rendering the site inaccessible for cleavage (Yamamura et al.
2011). In the latter case, the acyl donor glycine was chemically modified such that upon release, chemical rearrangements
occurred on the by-product transforming it into a poor nucleophile (Liu et al. 2014a; Williamson et al. 2014).

One important advantage of sortase-based ligations is that the acyl donor and acceptor polypeptide chains can be very short
(only the LPXTG tag is required on the donor, and the oligoglycine motif is necessary on the acceptor) and thus are easily
accessible by solid-phase peptide synthesis. Therefore, N- and C-terminal labeling reactions of large proteins are relatively
straightforward (assuming by-products are efficiently removed) (Guimaraes et al. 2013; Theile et al. 2013). Larger polypep-
tides, on the other hand, can be expressed recombinantly with the appropriate donor and acceptor tags and the ligation
reaction unites them in a single polypeptide chain with an LPXT(G)n ‘scar’. In such cases it is recommended that the

Table 1. Intein toolbox for protein semi-synthesis

Intein
Temperature
(°C) t1/2* Comments References

MxeGyrA 25 10 h Commonly used contiguous intein for EPL
applications

Frutos et al. (2010); Southworth et al.
(1999)

SspDnaE 37 76 min The first discovered natural split intein Shah et al. (2012); Wu et al. (1998)
NpuDnaE 37 19 s Fast split intein; synthetically accessible C-fragment Shah et al. (2012); Vila-Perello et al.

(2013)
AvaDnaE 37 23 s Fast split intein; higher protein expression yields

reported
David et al. (2015); Shah et al. (2012)

Cfa (consensus
DnaE split
intein)

30 20 s Fast split intein; works at high temperatures and in
denaturants

Stevens et al. (2016)

gp41-1 45 4 s Fast and orthogonal to other split inteins Carvajal-Vallejos et al. (2012)
gp41-8 37 15 s Fast and orthogonal to other split inteins Carvajal-Vallejos et al. (2012)
NrdJ-1 37 7 s Fast and orthogonal to other split inteins. Carvajal-Vallejos et al. (2012)
IMPDH-1 37 8 s Fast and orthogonal to other split inteins. Carvajal-Vallejos et al. (2012)
AceL-TerL 8 7·2 min Synthetically accessible N-intein Thiel et al. (2014)

* Optimal splicing kinetics in the presence of native sequences at the immediate intein-extein junctions. Variation from this sequence
context can lead to less efficient splicing. See also ref. (Shah & Muir, 2014).
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ligation junction is chosen on an unstructured region where it will not affect the function and/or fold of the protein and will
be accessible to the sortase catalytic site (Guimaraes et al. 2013). Such reactions can be applied to create polymers and
cyclized polypeptides (van ‘t Hof et al. 2015), or to stitch together domains into bifunctional or segmentally labeled proteins
(Matsumoto et al. 2016; Williams et al. 2016; Witte et al. 2012). Sortase-based labeling has also been used in the function-
alization of solid supports, nanoparticles, antibodies or cell surfaces, as well as in the labeling of proteins in vivo. We refer
the interested reader to several comprehensive reviews on the subject (Popp & Ploegh, 2011; Ritzefeld, 2014; Schmohl &
Schwarzer, 2014).

The success of sortase-based ligations has stimulated efforts to discover other protein ligases with expanded capabilities. A
promising candidate is butelase-1, which was isolated from the plant Clitoria ternatea (Nguyen et al. 2014). Butelase-1 is
the fastest ligase known with catalytic efficiencies as high as 542 000 M−1 s−1. Furthermore, it only requires the recognition
sequence NHV on the acyl donor and produces ligation junctions with a minimal ‘scar’ (NX). Currently, the major limitation
of this technology is that the enzyme is not available in recombinant form, and therefore has to be extracted and purified from
the native plant (Nguyen et al. 2015). There are, however, evolutionary related ligases that may be more amenable to protein
engineering approaches (Yang et al. 2017).

3.6 Genetic code expansion

After billions of years of evolution, Nature has engineered extraordinary functional diversity into proteins with only 20 amino
acid building blocks. Yet, many of these building blocks are often modified post-translationally, clearly indicating the need of
living organisms to enhance and modulate their protein repertoire with additional chemical functionalities. There are also
organisms from all domains of life that can produce and incorporate other building blocks into their proteins. This includes
selenocysteine, often called the 21st amino acid that provides a unique reactive site for precise tuning of biological function in
cells. Interestingly, this amino acid is incorporated into proteins by a natural reassignment of the UGA stop codon coupled
with the recognition of a specific structural element on the mRNA transcript known as the selenocysteine-insertion sequence
(reviewed in (Metanis et al. 2009; Yoshizawa & Bock, 2009)). Similarly, there are methane producing Archaea species that
have evolved a specialized tRNA/aminoacyl-tRNA synthetase (tRNA/aaRS) pair to exploit the UAG stop codon and insert
pyrrolysine site-specifically into certain methyltransferase proteins (Srinivasan et al. 2002). Exploiting the natural translation
machinery, protein engineers have worked hard to ‘persuade’ living organisms to incorporate additional building blocks into
polypeptide chains (reviewed in (Liu & Schultz, 2010)). One approach involves the use of cell lines that are auxotrophic for

Fig. 8. C-terminal protein labeling with sortase. The acyl donor requires the LPXTG recognition motif, while the acyl acceptor often
contains a pentaglycine sequence.
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one of the 20 amino acids, for example methionine, and that will only grow when the missing amino acid is included in the
culture medium. Replacing this amino acid with a close structural analog that is utilized by the wild-type aminoacyl-tRNA
synthetase, results in incorporation of the unnatural amino acid (UAA) into overexpressed proteins. Since this results in
global incorporation of the UAA, this approach is often used for the replacement of rare amino acids with their structural
analogs. For example, methionine can be substituted with selenomethionine to provide a heavy atom for phasing crystallo-
graphic data (Barton et al. 2006; Yang et al. 1990).

A second approach involves the semi-synthesis of tRNAs that are pre-loaded with the UAA of interest (Hecht et al. 1978;
Noren et al. 1989). These tRNAs have been used in in vitro translation systems that bypass the need for a matching aaRS,
and since the identity of the UAA is decoupled from the information content of the tRNA, any coding or blank codon
can be used for reassignment (Cornish et al. 1994; Judice et al. 1993; Koh et al. 1997). While the semi-synthesis of acylated
tRNAs can be technically challenging, more efficient production strategies have been developed. This includes flexizymes, flex-
ible tRNA acylation ribozymes that accept a versatile range of aminoacyl substrates and tRNAs with different sequences
(Goto et al. 2011). Pre-loaded tRNAs can also be injected or transfected directly into living cells (England et al. 1999;
Kohrer et al. 2003), although the success of such strategies has been limited by their short lifetimes in the cellular environment
and challenges associated with in-cell delivery.

Today, UAA incorporation in living cells is almost exclusively performed following the strategy introduced by Peter Schultz
and co-workers in 2001 (Wang et al. 2001). This methodology, commonly referred to as amber suppression, relied on the
development of an orthogonal tRNA/aaRS pair that could be expressed in E. coli and was used to incorporate
O-methyl-L-tyrosine into dihydrofolate reductase with 99% fidelity. In the 15 years since this landmark study, the unnatural
building block palette for genetic incorporation has grown more than 100 amino acids strong (Lang & Chin, 2014; Liu &
Schultz, 2010; Neumann-Staubitz & Neumann, 2016). This includes amino acids carrying natural modifications (e.g. phos-
phoserine or acetyllysine), biophysical and structural probes, cross-linkers, reactive handles for bio-orthogonal reactions,
and site-specific protein engineering functionalities that can modify their attendant proteins upon a specific cellular or chem-
ical cue. Here, we describe the basic principles of the technology, review UAAs of particular interest to the structural biologist,
and discuss current limitations and efforts to improve the efficiency of UAA incorporation.

3.6.1 Amber codon suppression in living cells

The successful incorporation of an UAA into a protein synthesized by a living cell requires several important considerations
and components (Fig. 9a). First and foremost, the UAA of interest must be chemically and metabolically stable, cell permeable
or otherwise biosynthetically accessible in the cellular environment. It also must be tolerated by the ribosome and the cellular
elongation factors without being recognized as a substrate by any of the endogenous synthetases. The UAA then requires its
own unique codon, with the amber stop codon (UAG) being a popular choice due to its low occurrence in both prokaryotic
and eukaryotic systems. The successful site-specific incorporation of the UAA, however, rests on the presence of a dedicated
tRNA/aaRS pair that is highly specific for the UAA of interest, yet orthogonal in the context of all endogenous tRNA/aaRS
pairs. Developing such pairs for a chemically diverse set of UAA is currently one of the time consuming and difficult steps of
this technology. Since tRNA recognition by aaRS is often species specific, it is sometimes possible to import a heterologous
pair into the cell of interest and use it as a starting point to build orthogonality and specificity into the system. For example,
many UAA incorporation systems in E. coli are based on the heterologous tRNATyr/TyrRS pair from Methanococcus janna-
schii, while the tRNATyr/TyrRS and tRNALeu/LeuRS pairs from E. coli have been used in eukaryotic cells (reviewed in (Chin,
2014)). The tRNAPyr/PyrRS pair from methanogenic bacteria that can incorporate pyrrolysine has also been a very useful tool,
as it is orthogonal in E. coli, yeast and mammalian cell lines, and has allowed the incorporation of many lysine-based UAAs,
including acetyllysine (Neumann et al. 2008). While these systems provide a useful starting point, it is usually necessary to use
mutagenesis and rounds of negative and positive selection to improve on the selectivity and orthogonality of the pair. Directed
evolution approaches can also be used for the generation of de novo tRNA/aaRS pairs, or to expand the function of other
components of the translational machinery (reviewed in (Chin, 2014)). Once an appropriate tRNA/aaRS pair is developed,
however, the practical implementation of amber suppression for the UAA is relatively straightforward. E. coli cells, for exam-
ple, can be transformed with two plasmids: (1) a plasmid encoding the protein of interest and an appropriate point mutation
with the amber TAG codon, and (2) a plasmid carrying the appropriate DNA sequence to produce the optimized tRNA/aaRS
pair. After addition of UAA to the media, gene expression is induced for both plasmids and the UAA is incorporated into the
protein of interest by the bacterial translational machinery. To separate the full-length protein from prematurely truncated
species, often a purification tag is added to the protein C-terminus – notably, these can involve ‘silent’ intein- or sortase-based
purification tags (Batjargal et al. 2015; Warden-Rothman et al. 2013). Well-established protocols for UAA incorporation are
now available for yeast (Hancock et al. 2010), mammalian (Chen et al. 2009) and insect cells (Koehler et al. 2016; Mukai et al.
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2010b) and amber suppression can even be performed in multicellular organisms including C. elegans (Greiss & Chin, 2011),
D. melanogaster (Bianco et al. 2012), mice (Ernst et al. 2016; Kang et al. 2013) and plants (Li et al. 2013b).

3.6.2 The amber suppression toolbox

The amber suppression toolbox contains many UAAs designed with structural biology applications in mind (Fig. 9b–e). For
example, heavy atoms can be incorporated site-specifically for solving the phase problem in X-ray crystallography – appropriate

Fig. 9. Unnatural amino acid (UAA) incorporation by amber suppression. (a) An orthogonal aminoacyl tRNA synthetase charges a
matching tRNA with the UAA of interest. The ribosome incorporates the UAA into a growing polypeptide chain by decoding the amber
stop codon (UAG) on the messenger RNA. The UAA toolbox includes UAAs that represent (b) protein post-translational modifications,
(c) spectroscopic probes, (d) cross-linkers, (e) bio-orthogonal reactive handles.
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UAAs include p-iodo-L-phenylalanine (Xie et al. 2004) and 3-iodo-L-tyrosine (Sakamoto et al. 2009), as well as metal-ion che-
lating amino acids (Lee et al. 2009b). For NMR spectroscopists, amber suppression offers a relatively cheap and efficient way to
install site-specific isotopic labels in otherwise unlabeled proteins. Many of the NMR ‘friendly’ UAAs are fluorinated derivatives
that exploit the unique spectroscopic properties of 19F as a reporter of global protein folding and dynamics (Jones et al. 2010;
Yang et al. 2015). Similarly, amber suppression has been used to install nitroxide spin labels for distance measurements by EPR,
thus overcoming the problems often associated with cysteine-based approaches (Park et al. 2015; Schmidt et al. 2015). More
importantly, however, amber suppression is a living cell protein engineering tool; thus, it is ideally suited for NMR or EPR stud-
ies designed to follow the structural fate of proteins in the cellular milieu.

Of particular interest to the structural biologist are UAAs carrying natural PTMs. Currently, amber suppression can directly
incorporate the following modifications: phosphoserine (Rogerson et al. 2015), acetyllysine (Neumann et al. 2008), several
lysine acylations (Gattner et al. 2013; Kim et al. 2012), phosphotyrosine (Fan et al. 2016) and sulfonated tyrosine (Liu
et al. 2007). To expand this toolbox, however, amber suppression can be used to install a reactive handle at the position
of interest, and then the appropriate modification can be chemically generated after protein purification. Using this strategy,
for example, the UAA δ-thiol-lysine can be incorporated, followed by traceless attachment of a ubiquitin moiety with NCL
(Virdee et al. 2011). Similarly, methylated lysines can be generated by the incorporation of a suitable pre-cursor UAA
(Nguyen et al. 2010; Wang et al. 2017). Phosphoserine, on the other hand, can serve as a starting point for the generation
of dehydroalanine, which in turn can be converted into a number of modified side-chains (Wright et al. 2016).

Amber suppression also allows the facile installation of site-specific cross-linkers, a valuable tool for the identification of pro-
tein–protein and protein–ligand interactions both in vitro and in vivo. There are several options for UV-activatable cross-
linkers that exploit different cross-linking mechanisms, and afford temporal and spatial control of the reaction. The oldest
members of this toolbox are p-benzophenylalanine (Chin et al. 2002a) and p-azido-L-phenylalanine (Chin et al. 2002b),
both available for bacterial and eukaryotic systems, and extensively used for cross-linking experiments of purified proteins
or in the cellular environment. More recently, diazirine-modified lysine-based amber suppression systems have been devel-
oped (Ai et al. 2011; Chou et al. 2011; Zhang et al. 2011), exhibiting superior cross-linking efficiency, smaller structural per-
turbation effects and ideally suited for cross-linking experiments of lysine-rich proteins such as histones. UAAs that can
cross-link proteins to nucleic acids are also available, and these include p-benzophenylalanine (Winkelman et al. 2016),
and a furan-based cross-linker activated upon red-light irradiation (Schmidt & Summerer, 2013). Interestingly,
p-azido-L-phenylalanine can also serve as an infrared (IR) spectroscopy probe, and as such can be used to report on the struc-
tural transitions of a protein along its activation pathway (Ye et al. 2010). Similarly, para-cyanophenylalanine can be installed
as a site-specific and sensitive vibrational probe of ligand binding (Schultz et al. 2006).

A significant fraction of the amber suppression UAA library has been designed for imaging and fluorescence-based biophys-
ical applications. Some fluorescent UAAs can be incorporated directly into polypeptide chains and these include coumarin-
and dansyl-based modifications (Kuhn et al. 2011; Summerer et al. 2006), as well as environmentally sensitive
aminonaphthalene-based probes available for both yeast and mammalian applications (Chatterjee et al. 2013a; Lee et al.
2009a). More commonly, however, optical probes are attached site-specifically using bio-orthogonal reactions. In this case,
amber suppression is used to install a reactive handle at a site in the polypeptide chain, while the fluorescent probe is modified
with a compatible reactive functionality. The conjugation reaction can be carried out in vitro with purified components, or the
optical label can be added to the media and/or delivered into cells for bio-orthogonal reaction chemistry within the cellular
milieu. While this places important UAA-fluorescent label design constraints with respect to cell permeability, chemical
stability and reaction kinetics, this approach allows the incorporation of optical labels that work at a variety of wavelengths,
amid reduced background fluorescence. Currently, UAAs with a diverse set of functionalities for bio-orthogonal reactions are
available (reviewed in (Lang & Chin, 2014)), and it is likely that this list will become much more expansive in the future as
new fast and specific bio-compatible approaches are developed (Section 3.7).

3.6.3 Limitations and future directions

The remarkable plasticity of the natural and evolved cellular protein synthesis machinery has allowed chemical biologists to
create a large and diverse set of UAAs that can be incorporated into biological polymers assembled in vivo. Yet, the incor-
poration of many of these UAAs is inefficient, context dependent and essentially limited to the inclusion of a single modi-
fication per protein. Since UAA incorporation relies on the reassignment of natural stop codons, the suppressor tRNAs
compete for binding sites with the endogeneous release factors that terminate translation. Therefore, truncations of the
desired protein are often produced, resulting in compromised yields, complicated purification protocols and potential toxicity
for the recombinant cell. In E. coli, translation termination involves release factor protein 1 (RF1) responsible for recognition
of ochre (UAA) and amber (UAG) stop codons, and release factor protein 2 (RF2) that identifies ochre (UAA) and opal
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(UGA) stop codons. Thus, it has been possible to engineer bacterial strains that lack RF1 to enhance amber codon translation
efficiency, and in particular improve the incorporation of the same UAA at multiple positions in the protein sequence
(Johnson et al. 2011; Mukai et al. 2010a). These strains, however, can be problematic as misincorporation of glutamine
and codon skipping have also been reported (George et al. 2016). More dramatically, organisms can be genomically recoded
to replace the UAG codon completely with the synonomous UAA stop codons, and free this new unique codon for more
efficient amber suppression (Lajoie et al. 2013).

Protein yields are also affected by the lower efficiency of the evolved synthetases and suboptimal interactions of the tRNA with
the wild-type elongation factors and ribosomes. These problems can be partially alleviated by the design of more efficient
plasmid systems that have optimized promoters and can produce higher copy numbers of the synthetase and the tRNA.
For example, the pEVOL and the pUltra plasmids have significantly increased incorporation efficiency in E. coli
(Chatterjee et al. 2013b; Young et al. 2010). For mammalian cells, protein expression is further affected by the transfection
efficiency of the delivered constructs, thus it is usually desirable to incorporate all of the necessary genetic components (mul-
tiple copies of the synthetase and tRNA, gene of interest, engineered release factor, etc.) on the same plasmid ((Cohen &
Arbely, 2016). Baculovirus vectors that can deliver a large cargo of genetic material (>30 kb) to a variety of mammalian
cells have also been developed for more efficient UAA incorporation (Chatterjee et al. 2013c; Zheng et al. 2016). To avoid
the heterogeneous expression levels associated with transient transfection and viral transduction altogether, the creation of
stable mammalian cell lines capable of defined UAA incorporation is highly desirable and efforts have already been under-
taken in this regard (Elsasser et al. 2016; Tian et al. 2014).

The incorporation of several different modifications into the same polypeptide chain not only requires optimized suppression
of the most commonly reassigned amber stop codon, but also the availability of other unique or rare codons that can be used
to develop orthogonal tRNA/aaRS pairs. Not surprisingly, the ochre and opal stop codons are often combined with the amber
codon for dual incorporation of UAAs, primarily with fluorescence-type applications in mind (Chatterjee et al. 2013b; Wan
et al. 2010; Xiao et al. 2013). The use of two stop codons, however, suffers from and amplifies many of the drawbacks
described above and, if successful, results in very low protein yields. To circumvent this problem, translation machinery engi-
neered to recognize quadruplet codons has been developed (Neumann et al. 2010; Wang et al. 2014a). The use of quadruplet
codons can in principle provide 256 blank codons, thus dramatically expanding the capabilities of the natural 64-codon based
genomes. Such systems, however, require the engineering of orthogonal ribosomes that can efficiently recognize quadruplet
messages (Neumann et al. 2010). Alternatively, the genomes of organisms such as E. coli can be reprogrammed to create com-
pressed codon schemes and free up unique codons for reassignment (Ostrov et al. 2016; Wang et al. 2016). In the future, it
may also be possible to create new coding schemes by expanding the genetic alphabet of living organisms and utilizing syn-
thetic DNA bases in new synthetic organisms (Malyshev et al. 2014).

3.7 Chemical modification of unnatural amino acids

The ability to install unnatural amino acids in polypeptide chains with exquisite specificity has opened widely the doors to a
post-cysteine world of bio-orthogonal reactions. There is now a rapidly expanding collection of reactions that work efficiently
and selectively with low concentrations of reactants in physiological buffers or the cellular milieu. Here, we will review a small
sample of these tools focusing primarily on reactions that might be used to install site-specific PTMs or their mimics, as well
as probes for structural investigations. For a comprehensive discussion of the bio-orthogonal literature, we refer the interested
reader to several excellent reviews on the subject (Lang & Chin, 2014; Shieh & Bertozzi, 2014; Spicer & Davis, 2014;
Stephanopoulos & Francis, 2011).

The azido functional group is one of the most versatile modifications that can be installed on peptides and proteins by amber
suppression, total chemical synthesis and/or peptide ligation. In addition to serving as a light-activatable cross-linker or infra-
red probe, this small moiety is also at the heart of several important bio-orthogonal reactions. For example, in an extension of
the classical Staudinger reduction reaction, azides react with triarylphosphines bearing an electrophilic trap (usually an ester)
to form a stable amide bond (Saxon & Bertozzi, 2000). While the first version of this methodology generated a residual phos-
phine oxide at the ligation junction, ‘traceless’ Staudinger ligation variants are now available (Nilsson et al. 2000; Saxon et al.
2000) (Fig. 10a), as well as reactions based on azobenzene or caged phosphine reagents that can be activated with light (Shah
et al. 2016; Szymanski et al. 2013). This reaction can be used to ligate a peptide fragment containing a C-terminal thioester to
another fragment carrying an N-terminal azide resulting in an extended native polypeptide chain and bypassing the need for a
cysteine residue at the ligation junction (Nilsson et al. 2000). While displaying slower reaction kinetics compared with some
other bio-orthogonal reactions, the Staudinger ligation can be impactful in protein engineering applications where versatility
and orthogonality are desired. For example, it has been used to create native isopeptide linkages between ubiquitin and other
proteins (Andersen & Raines, 2015), install multiple probes into proteins such as RNA polymerase or GPCRs (Chakraborty
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et al. 2015; Huber et al. 2013), prepare glycoprotein or phosphoprotein mimics (Bernardes et al. 2011; Serwa et al. 2009), and
turn on the fluorescence of optical probes upon protein labeling (Lemieux et al. 2003).

Another popular and versatile bio-orthogonal reaction is the azide-alkyne 1,3-dipolar cycloaddition (Rostovtsev et al. 2002;
Tornoe et al. 2002), commonly referred to as ‘click chemistry’ (Kolb et al. 2001). The cycloaddition can be promoted either by
the presence of Cu(I) ligands or the use of highly strained cyclooctyne systems (Agard et al. 2004). Both versions are specific,
exhibit relatively fast reaction kinetics and are easy to use, which has led to numerous applications in the protein conjugation
area. Recent examples include the incorporation of dual EPR or FRET probes for distance measurements in proteins or RNA
(Kucher et al. 2016; Lavergne et al. 2016), and the attachment of rigid lanthanide tags to large proteins for paramagnetic relax-
ation experiments (Mallagaray et al. 2016). In vivo applications of the Cu(I) version have been limited by copper toxicity,
although extracellular labeling of cells has been reported (Link et al. 2004; Uttamapinant et al. 2012). The strained cyclooctyne
systems, on the other hand, are compatible with living systems and improved versions that exhibit faster labeling kinetics are
available for genetic incorporation through amber suppression (Dommerholt et al. 2010; Lang et al. 2012b; Plass et al. 2011)
(Fig. 10b). These copper-free cycloadditions have thus been valuable in imaging and proteomic applications in living cells and
organisms (Laughlin et al. 2008; Smits et al. 2016; Xie et al. 2014), and can be useful for the structural biologist interested in
understanding the dynamics of macromolecules in the cellular environment either by FRET or EPR (Kucher et al. 2016).

The success of click chemistry bioconjugation has inspired the search for faster and more efficient reactions for labeling in the
cellular milieu. An important development along this direction involves the use of inverse-electron demand Diels-Alder reac-
tions between strained dienophiles and tetrazine dienes (Blackman et al. 2008; Devaraj et al. 2008). The dienophile system in

Fig. 10. Chemical modification of unnatural amino acids.
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this case can be a trans-cyclooctene or a norbornene, both exhibiting significantly faster reaction kinetics as compared to the
1,3-dipolar cycloadditions described above, and thus allowing labeling reactions of proteins at much lower concentrations
(Fig. 10c). These bio-orthogonal reactive handles are also available for genetic incorporation by amber suppression (Lang
et al. 2012a, 2012b; Seitchik et al. 2012) and provide an expanded and rapidly evolving toolbox for bio-orthogonal protein
manipulations and modifications in the cellular environment.

While most of the reactions described above are incredibly useful for the conjugation of small molecules and biophysical
probes to proteins in vitro and in vivo, they generally leave a relatively large chemical ‘scar’ at the conjugation site to be prac-
tical in the generation of PTMs or their mimics. A versatile approach for the site-specific installation of PTMs involves the
UAA dehydroalanine. This UAA can be generated from a cysteine residue installed by site-directed mutagenesis (Chalker
et al. 2012) or from an O-phosphoserine precursor incorporated by amber suppression (Yang et al. 2016). Under biocompat-
ible conditions, dehydroalanine can then be reacted with a variety of alkyl halides, via a radical-mediated process, to produce
an impressive list of more than 50 modified functionalities at the site of interest (Wright et al. 2016; Yang et al. 2016). These
include methylated lysine and arginine residues, as well as fluorinated, glycosylated, phosphorylated, alkylated or isotopically
labeled natural and UAA side chains. It should be noted that this methodology currently leads to the generation of both D
and L configurations at the mutation site (i.e. the reaction lacks stereochemical control), a potential limitation for some
applications.

3.8 Enzymatic bioconjugation approaches

The site-specific incorporation of bio-orthogonal handles on proteins can also be achieved enzymatically. These enzymes
choose their targets based on the recognition of a specific amino acid sequence and can perform various chemical modifica-
tions of cysteine, lysine, serine, glutamine or glycine residues within their target sequences. This toolbox, for example, includes
the formylglycine generating enzyme (FGE) that recognizes the CXPXR sequence motif and converts the cysteine residue
to formylglycine, thus introducing an aldehyde functional group (Wu et al. 2009) (Fig. 11a). The aldehyde handle can be
subsequently elaborated with various probes via bio-orthogonal transformations such as oximation and Hydrazino-
Pictet-Spengler reactions (Agarwal et al. 2013; Dirksen & Dawson, 2008). Another popular tool is lipoic acid ligase, an enzyme
that modifies a lysine side-chain within the 13-residue target sequence (Uttamapinant et al. 2010). Engineered versions of this
enzyme can accommodate lipoic acid analogs and have been used to introduce bio-orthogonal handles, including azides
(Plaks et al. 2015; Uttamapinant et al. 2012) (Fig. 11b), aryl aldehydes and hydrazines (Cohen et al. 2012), p-iodophenyl deriv-
atives (Hauke et al. 2014), norbornenes (Best et al. 2015) an trans-cyclooctenes (Liu et al. 2012). It is also possible to engineer
fluorescent lipoic acid analogs that can be installed directly on the protein of interest (Uttamapinant et al. 2010). Other mem-
bers of the enzymatic toolbox include biotin ligase, farnesyltransferase, transglutaminase and N-myristoyltransferase
(reviewed in (Rashidian et al. 2013)).

Enzymatic bioconjugation is an increasingly useful tool for cell imaging applications, functionalization of therapeutic proteins,
immobilization of proteins on solid supports or the preparation of protein—polymer or protein—nanoparticle conjugates
(Hu et al. 2016; Slavoff et al. 2011; Walper et al. 2015). For the structural biologist and biophysicist, it offers an orthogonal
strategy for protein modification that is based on genetically encodable peptide tags (Stephanopoulos & Francis, 2011). For
example, it provides a conceptually straightforward way to introduce a second modification to a construct that already con-
tains an UAA incorporated by amber suppression. Enzymatic bioconjugation can also be useful in the multiplex labeling of
complex protein mixtures, and the modification of constructs that are large, difficult to purify or not easily amenable to the
approaches outlined above. Since the recognition sequence is fused to the protein of interest, the modification site is usually
limited in location to the N- and C-termini, or to a surface exposed and flexible loop of the protein. Other important con-
siderations include the reaction kinetics, the stability and solubility of the enzymes, and the relatively large size of the mod-
ifications that are installed and that can perturb the function of the protein target.

4. Protein engineering approaches for tackling outstanding challenges in structural
biology
4.1 X-ray crystallography

The molecular engineering toolbox presented here can aid crystallographers in all stages of the structure determination pro-
cess. For example, when phase values cannot be determined by direct methods or molecular replacement, protein crystallog-
raphers can incorporate heavy atoms (e.g. Se, I or Br) into the protein crystal and use their anomalous diffraction patterns to
solve the structure. Heavy atom incorporation can be accomplished in several ways (reviewed in (Pike et al. 2016). For
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example, cysteine residues can be derivatized with mercury by pre-labeling, co-crystallization or soaking of the protein crystals
in mercury salts (Martinez et al. 1993). If necessary, cysteine accessibility can be pre-evaluated with Ellman’s reagent
(5,5′-dithiobis-2-nitrobenzoic acid) (Li et al. 2015). Another popular heavy atom labeling methodology relies on the incor-
poration of the modified amino acid selenomethionine (Hendrickson et al. 1990). In this case, selenomethionine is added
to the culture of a methionine-auxotrophic bacterial strain resulting in substitution of all methionine residues in the protein.
Selenomethionine incorporation is also possible in other non-bacterial expression systems, albeit with somewhat lower sub-
stitution efficiency (Cronin et al. 2007; Nettleship et al. 2010). Site-specific incorporation of appropriately modified unnatural
amino acids (e.g. p-iodo-L-phenylalanine, p-bromo-L-phenylalanine and 3-iodo-L-tyrosine) can be performed with amber
suppression or chemical synthesis (Kwon et al. 2006; Sakamoto et al. 2009; Xie et al. 2004; Yeung et al. 2016). Solving the
phase problem can also be aided by the development of metal-binding peptide tags (e.g. Tb3+) that can be genetically
fused to the protein of interest (Silvaggi et al. 2007).

Total chemical synthesis of proteins is an important tool for racemic and quasi-racemic crystallography (Yeates & Kent, 2012)
(Fig. 12). These methods are based on the observation that mixing D- and L-forms of proteins can aid crystallization as mac-
romolecules have access to a much larger set of crystallographic space groups, including those that contain mirror or center of
inversion operations (Wukovitz & Yeates, 1995). D-enantiomers of proteins can be made using solid-phase peptide synthesis
and NCL, with synthesis efficiencies that have allowed the structure determination of constructs in the 200-amino acid range
(Mandal et al. 2012; Pan et al. 2016). The synthetic origin of such polypeptides also allows the facile co-incorporation of
amino acids containing heavy atoms (Yeung et al. 2016), or chemically well-defined post-translational modifications
(Okamoto et al. 2014).

For structure characterization of larger biological macromolecules and complexes, it is often more practical to use mimics
rather than the native PTM. For example, methylation mimics are accessible through the alkylation of cysteine residues,
and produce constructs with high yields and chemical purity in all possible methylation states (Simon et al. 2007). Such
approaches have been invaluable in elucidating the impact of histone methylation on the nucleosome surface, a structural
problem that requires the efficient crystallization of a biological assembly comprised of four different proteins and DNA
(Lu et al. 2008). Sometimes, non-native linkages and modifications are essential in trapping an important functional state
of a protein complex, for example between an ubiquitylated protein and the corresponding deubiquitinating enzyme
(Morgan et al. 2016). The ongoing optimization of amber suppression systems for in-cell and cell-free protein synthesis
has also made it easier to produce certain native modifications in high-enough yield for protein crystallization. There are,
for example, several crystal structures of acetylated and phosphorylated proteins prepared by amber suppression in E. coli
(Arbely et al. 2011; Huguenin-Dezot et al. 2016; Kuhlmann et al. 2016; Lammers et al. 2010). This technology has also enabled
the structural analysis of ubiquitin chains (Virdee et al. 2010). Crystallographic studies of proteins containing multiple mod-
ifications have been successfully addressed with cell-free protein synthesis (Wakamori et al. 2015) and EPL (Wang et al.
2014b).

Beyond the incorporation of PTMs, the modern protein engineering toolbox provides the means to precisely alter the covalent
structure of proteins, importantly allowing access to both the amino acid side-chains and the polypeptide backbone.
Crystallographic analysis of such modified proteins can be extremely powerful, yielding insights into processes as diverse

Fig. 11. Examples of bioenzymatic conjugation approaches. (a) Site-specific modification of cysteine with formylglycine generating
enzyme, followed by oxime ligation to attach a chemical or optical probe. (b) Introduction of ‘click’ handles into proteins using lipoic
acid ligase and lipoic acid analogs.

21

https://doi.org/10.1017/S0033583517000051 Published online by Cambridge University Press

https://doi.org/10.1017/S0033583517000051


as ion conduction (Grosse et al. 2011; Valiyaveetil et al. 2006), enzyme catalysis (Torbeev et al. 2011; Wang et al. 2014b) and
protein–protein interactions (Lu et al. 1999; Morgan et al. 2016).

4.2 Nuclear magnetic resonance

The site-specific incorporation of NMR probes into biological macromolecules presents two challenging requirements to the
protein chemist. First, similarly to X-ray crystallography, large amounts of sample are required, and the incorporation meth-
ods should be robust and efficient. Second, the isotopic labeling precursors are often prohibitively expensive. It therefore
comes as no surprise that most NMR labeling strategies exploit the metabolic pathways in bacteria to produce uniform or
sparse isotopic labeling schemes, or incorporate isotopic labels in an amino acid specific fashion (for a comprehensive series
of reviews on isotopic labeling of biomolecules, the interested reader is referred to volume 565 of Methods in Enzymology,
2015). Here, we will focus on labeling methodologies that allow more control over the placement of spectroscopic probes in a
polypeptide chain, and that have historically been demonstrated to produce sufficient protein amounts for NMR analysis.

4.2.1 Segmental isotopic labeling

Segmental isotopic labeling is a powerful protein engineering approach that allows the generation of an intact and typically
natively folded and functional protein where only a certain segment of the polypeptide chain is ‘visible’ by NMR (Xu et al.
1999; Yamazaki et al. 1998). This strategy is particularly impactful if the protein of interest is large and/or has a degenerate
amino acid sequence, thus simplifying assignment and interpretation of crowded and overlapped NMR spectra. Such con-
structs can be crucial in generating unambiguous structural constraints in large proteins and assemblies, and have been
exploited in structural investigations both by solution and solid-state NMR (Mehler et al. 2015; Schubeis et al. 2015;
Tremblay et al. 2015; Williams et al. 2016). Several approaches can be used to achieve segmental labeling of polypeptide
chains. For example, a protein domain can be fused to a contiguous intein and produced recombinantly in labeled media
(e.g. supplemented with 15N and 13C-enriched nutrient sources). Following thiolysis of the intein, the thioester derivative
of the labeled domain can then be ligated, via EPL, to a protein fragment that does not contain NMR isotopes (Xu et al.
1999). In principle, the NMR silent segment can be a synthetic peptide carrying a PTM or a paramagnetic tag, thus allowing
the facile incorporation of C-terminal protein modifications. For example, this approach has been used to introduce a phos-
phorylated tyrosine residue at position 125 of the amyloid-related protein α-synuclein, while residues 1–106 were prepared
recombinantly and isotopically labeled for NMR analysis (Hejjaoui et al. 2012). In practice, however, the second fragment
is usually produced recombinantly due to cost and yield considerations.

PTS offers an alternative intein-based approach for segmental isotopic labeling. The high affinity of naturally split intein frag-
ments means that the splicing reactions can be conducted at very low concentrations of reactants (low μM), a capability that
distinguishes the PTS strategy from EPL where reactant concentrations in the mM range are typically required. In practice, the
target protein is divided into two segments, for example at domain boundaries, each fused to an appropriate intein fragment
(Fig. 13a). These constructs are expressed separately, allowing the differential incorporation of NMR-active isotopes. After
purification, the two extein–intein fragments are mixed, protein trans-splicing takes place and the leftover intein components
can be purified using an appropriate affinity tag or chromatographic separation. Notably, the splicing reaction can also be
performed directly in the cellular environment. In this case, both constructs are transformed into the same cell, but with

Fig. 12. Principle of racemic crystallography. The L- and D- forms of the polypeptide chains are prepared separately by solid-phase pep-
tide synthesis and native chemical ligation. The proteins are subsequently mixed and co-crystallized, thus gaining access to a much larger
set of crystallographic space groups.
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different promoters so that the expression of each construct can be controlled separately, and therefore timed with the addi-
tion of isotopically enriched nutrients to the media (Muona et al. 2010) (Fig. 13b). This strategy can be particularly helpful for
labeling proteins that are hard to refold in vitro, e.g. membrane proteins (Mehler et al. 2015). The first segmental labeling
protocols relied on artificially split or natural inteins that were not very efficient, thus limiting the utility of the technology
to few favorable cases (Yamazaki et al. 1998). Today, however, the toolbox of useful split inteins has greatly expanded,
and it is now possible to choose from inteins with diverse properties, e.g. those giving better expression yields for the protein
of interest, capable of carrying out ligations at higher temperatures or denaturant concentrations, or more forgiving to the
choice of extein junction site (see Section 3.4.3).

Another option for segmental isotopic labeling is provided by sortase-mediated ligation (Fig. 13c). As discussed in Section 3.5,
this method relies on the use of Sortase A, a transpeptidase that can ligate two constructs provided that one contains an
LPXTG recognition sequence, and the other, a glycine repeat motif. Since it results in an LPXTG ‘scar’ at the ligation junc-
tion, sortase-mediated ligation is best suited for the segmental labeling of protein domains separated by a flexible, mutation-
tolerant linker (Williams et al. 2016). The reversibility of the sortase ligation also necessitates the removal of cleaved peptide
byproducts during the reaction course for optimal yields (Freiburger et al. 2015). On the other hand, segmental labeling using
sortase works well with low μM concentrations of reagents, and is a good alternative for constructs that do not express well as
intein fusions.

The segmental labeling approaches described here have also been used to generate protein constructs with NMR silent sol-
ubility enhancement tags (Kobashigawa et al. 2009; Zuger & Iwai, 2005). To keep proteins more stable in solution during a
long multidimensional experiment, NMR spectroscopists can resort to fusing the protein of interest to a soluble domain such

Fig. 13. Strategies for segmental isotopic labeling of proteins for NMR analysis. (a) Intein-based segmental labeling. (b) Strategy for seg-
mental labeling of proteins in cells. (c) Labeling with sortases.
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as SUMO, GB1, MBP or thioredoxin. If prepared as a single construct, however, the solubility tag will be isotopically labeled
and will contribute to the NMR spectrum, a complication that can be avoided with segmental labeling.

4.2.2 Site-specific incorporation of magnetic resonance probes

The introduction of a single isotopic label at a well-defined position in a polypeptide chain provides NMR spectroscopists
with a benign and unambiguous reporter of protein structure, dynamics and ligand binding. Strategically positioned isotopes
can also be crucial in disentangling higher order structural interactions in complex biological assemblies such as amyloid
fibrils (Debelouchina et al. 2013; Petkova et al. 2006). The incorporation of such probes is relatively straightforward in
short polypeptides prepared by solid-phase peptide synthesis, and many protected isotopically labeled amino acids are avail-
able commercially at a reasonable cost. Longer polypeptide chains containing specific labels can be prepared by NCL as exem-
plified by the synthesis of the membrane protein M2 containing five 13C,15N-labeled amino acids dispersed throughout the
sequence (Kwon et al. 2015). A serendipitously positioned native cysteine residue in this case provided a convenient ligation
site without the need for desulfurization.

In recent years, the biomolecular NMR field has seen a surge in the popularity of 19F as a tool to investigate large and complex
systems both by solution and solid-state NMR spectroscopy. This nucleus is bio-orthogonal, has magnetic properties that
ensure high sensitivity (∼80% of the sensitivity of 1H nuclei) and a wide chemical shift range (∼100-fold larger than the
range of 1H). It can therefore serve as a highly sensitive probe of protein and peptide structure, folding and aggregation,
dynamics and ligand binding (reviewed in (Chen et al. 2013; Sharaf & Gronenborn, 2015). Specific 19F labels can be installed
by peptide synthesis, conjugation or fluorination of cysteine and lysine residues, or by supplementing the culture media with
fluorinated amino acids (which results in amino acid specific labeling). Increasingly, amber suppression is becoming the
site-specific incorporation method of choice ((Marsh & Suzuki, 2014; Sharaf & Gronenborn, 2015). There are several orthog-
onal tRNA/synthetase systems and fluorinated UAAs available, each imparting different spectroscopic signatures with respect
to chemical shift anisotropy and relaxation. These include 3,5-difluorotyrosine (Li et al. 2013a; Yang et al. 2015),
p-trifluoromethoxyphenylalanine (Cellitti et al. 2008) and p-trifluoromethylphenylalanine (Jackson et al. 2007; Loscha
et al. 2012). While most protein 19F NMR applications rely on amber suppression in E. coli, magnetic resonance imaging
studies are already exploiting the unique spectroscopic properties of 19F in mammalian systems or whole organisms
(Yu et al. 2013). Site-specific 13C and 15N probes can also be installed by amber suppression, including 13C/15N-labeled
p-methoxyphenylalanine and 15N-labeled o-nitrobenzyl-tyrosine (Cellitti et al. 2008). Ligand-binding studies of large molec-
ular systems may also benefit from incorporation of o-tert-butyltyrosine, where rapid bond rotations of the tert-butyl group
ensure a narrow linewidth of the characteristic peak in solution NMR spectra (Chen et al. 2015).

Another problem of particular relevance to the magnetic resonance spectroscopist concerns the site-directed installation of
EPR and PRE probes. These probes carry stable nitroxide radicals or chelated metal ions such as Mn2+, Cu2+ or Gd3+,
and can be used to measure distances by EPR (up to 80 Å), or change the relaxation properties of nuclear spins in their vicin-
ity (up to 35 Å). Usually, paramagnetic tags are incorporated at available cysteine residues using alkylation with maleimides,
and many appropriately functionalized reagents are available commercially. As discussed in Section 3.1, however, cysteine-
based approaches often have limited selectivity, the generated maleimide-based linker can be unstable, and is generally not
applicable to cellular investigations. The development of amber suppression and bio-orthogonal reactions has certainly pro-
vided more options for EPR and PRE label incorporation both in vitro and in vivo. For example, orthogonal tRNA/tRNA
synthetase systems are available for direct incorporation of nitroxide-containing (Jones et al. 2010; Schmidt et al. 2015)
and metal chelating UAAs (Park et al. 2015). Another amber suppression incorporation route involves the UAA
p-acetyl-L-phenylalanine that can react with paramagnetic tags functionalized with a hydroxylamine moiety (Fleissner
et al. 2009). An NMR-specific and often prohibitive requirement for the incorporation of PRE tags with amber suppression,
however, is the concurrent need to introduce isotopic labels in the protein of interest. Thus, general protocols that provide
efficient UAA incorporation under suboptimal bacterial growth conditions (minimal 13C/15N-supplemented or perdeuterated
media, for example) are desperately needed (Evans & Millhauser, 2015; Venditti et al. 2012).

Another demanding problem concerns the site-specific installation of isotopically labeled PTMs such as different methylation
states, glycosylation, ubiquitylation and various acylations (phosphorylation being somewhat of an exception as the naturally
abundant 31P is the NMR active isotope). Coupled with the often problematic behavior of the modified proteins (e.g. aggre-
gation prone intrinsically disordered and amyloidogeneic peptides and proteins, insoluble transmembrane domains or chro-
matin effectors), PTM installation in itself is a challenge even without the extra complication and associated cost of isotopic
labeling. Not surprisingly, therefore, most NMR studies involving PTMs are performed with constructs that have been mod-
ified enzymatically. Enzymatic modification, however, is often incomplete and can result in a heterogeneous set of modifica-
tions, thus complicating the interpretation of NMR data. Well-established non-enzymatic site-directed protocols are available
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for ubiquitylation, taking advantage of the possibility to prepare and isotopically label ubiquitin recombinantly. The labeled
ubiquitin moiety can then be installed at a specific position of the modified polypeptide using a variety of strategies including
an asymmetric disulfide (Debelouchina et al. 2017), a condensation reaction of a C-terminal ubiquitin thioester and the
ε-amine of a targeted lysine residue (Castaneda et al. 2011a), or a combined recombinant expression–chemical synthesis
approach (Castaneda et al. 2011b). Site-specific phosphorylation can be incorporated by solid-phase peptide synthesis, fol-
lowed by EPL to construct segmentally labeled and modified proteins (Hejjaoui et al. 2012). Studies of glycosylated proteins
also require the attachment of homogeneous glycans that are often isotopically labeled to facilitate resonance assignments and
structure determination (Skrisovska et al. 2010). Cysteine-based 13C-labeled methyllysine analogs are a convenient and afford-
able way to generate methylated constructs, and have been used in the NMR structural analysis of proteins such as HP1 and
p53 (Cui et al. 2012; Munari et al. 2012).

4.3 Studies of dynamic interactions

4.3.1 Incorporation of optical probes

The advances in single-molecule optical spectroscopy and imaging have propelled the search for better fluorescent probes and
the development of more efficient and targeted strategies for their incorporation in vitro and in cells. The information
obtained from such experiments can complement high-resolution structural studies and provide data not easily accessible
by other methods, including dynamic protein–protein interactions, conformational states and protein folding pathways.
There are, of course, many excellent reviews on the subject (Dimura et al. 2016; Haney et al. 2015; Minoshima & Kikuchi,
2017; Nikic & Lemke, 2015). Therefore, we will limit our discussion to the problem of incorporating two small FRET probes
for biophysical and structural investigations, still a surprisingly challenging task for the protein chemist.

A protein construct prepared for FRET experiments can be labeled with two different fluorophores (A and B) by cysteine
mutagenesis at two appropriately selected sites. Incubation with the maleimide, iodoacetamide or methyl bromide derivatives
of the two probes results in a statistical mixture of labeled constructs even if labeling is efficient (A–A, A–B, B–A, B–B). Since
the mixture of products can complicate data analysis (Husada et al. 2015), more selective strategies for labeling are highly
desirable and have been explored in the literature. A popular approach, for example, combines cysteine labeling with
amber suppression that can introduce a second fluorescent moiety either directly or through bio-orthogonal chemistries
(Brustad et al. 2008; Haney et al. 2016; Milles et al. 2012; Ratzke et al. 2014). Suitable UAAs include p-acetylphenylalanine
for labeling with commercially available hydroxylamine probe derivatives (Fig. 14a), as well as azido- and alkyne-
functionalized phenylalanine, tyrosine and lysine residues for click reactions. Cysteine labeling can also be combined with
the site-specific incorporation of 1,2-aminothiols that react selectively with cyanobenzothiazole fluorescent-probe derivatives
(Nguyen et al. 2011). A conceptually different cysteine-based labeling approach involves the FlAsH system that targets biar-
senic reagents to the genetically encoded tetracysteine motif CCPGCC (Griffin et al. 1998). This technology has the advantage
that the small molecule ligands are cell permeable and virtually non-fluorescent until they bind their recognition motif, and
are therefore well-suited for in-cell applications. In the context of dual labeling, FlAsH has been combined with amber sup-
pression (Perdios et al. 2017) (Fig. 14b) or fluorescent proteins such as CFP (Hoffmann et al. 2005) for the investigation of
protein conformational states in vitro or in the cellular environment.

When the protein construct of interest contains functionally or structurally important cysteines, dual labeling can be
attempted with NCL, EPL, the incorporation of genetically encodable UAAs and peptide tags for bioenzymatic conjugation,
or a combination of these approaches. For example, a fluorescent probe and a thioamide quencher can be installed using a
combination of amber suppression and protein ligation, where the quencher is a backbone modification that is only accessible
through protein synthesis (Wissner et al. 2013) (Fig. 14c). As discussed in Section 3.6.3, incorporation of two UAAs in a poly-
peptide chain by genetic means is still difficult; however, the growing numbers of successful applications are almost exclusively
developed for FRET-labeling. For example, using cells containing the orthogonal ribosome ribo-Q1, two fluorescent labels
could be incorporated efficiently into calmodulin, one in response to the amber TAG codon, the other at the newly assigned
AGTA quadruplet codon (Sachdeva et al. 2014) (Fig. 14d). Rapid, quantitative, one-pot labeling was achieved by using mutu-
ally orthogonal cycloadditions at UAAs bearing a terminal alkyne and a cyclopropene. Alternatively, amber–ochre or amber–
opal dual incorporation schemes can be used (Chatterjee et al. 2013b; Wan et al. 2010; Xiao et al. 2013).

4.3.2 Incorporation of vibrational probes

Two-dimensional infrared spectroscopy (2D IR) has emerged as a powerful technique to characterize the dynamic states and
interactions of biological macromolecules (Baiz et al. 2013; Le Sueur et al. 2015). Dynamic and structural information is
encoded in the vibrational modes of functional groups such as backbone amides and carbonyls, as well as side-chains
with aromatic, carbonyl and guanidinium groups. Since even polypeptides of moderate length contain many overlapping
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signals, site-specific incorporation of vibrational reporters with distinct spectroscopic signatures is essential for data interpre-
tation. The installation of such probes can take advantage of several of the protein engineering approaches described above
(Zhang et al. 2016b). Segmental isotopic labeling, for example, can be used to distinguish the spectroscopic behavior of protein
domains (Moran et al. 2012). In this case, one domain is labeled with 13C, while the other domain remains at natural abun-
dance. The higher mass of the 13C isotope changes the vibrational modes of the backbone carbonyls, and results in a down-
ward shift of the vibrational frequency, effectively decoupling the spectroscopic signatures of the two domains. Higher
resolution in linear and multidimensional IR spectra can be achieved by the site-specific installation of isotopic labels such
as 13C–18O pairs by solid-phase peptide synthesis, EPL, NCL or the incorporation of appropriately labeled methionine during
recombinant protein expression (Courter et al. 2014; Davis et al. 2015; Dhayalan et al. 2016; Marecek et al. 2007; Zhang et al.
2016b). Resolution and specificity can also be achieved by the introduction of orthogonal vibrational probes such as nitrile,
cyano, azido and thiocyanate functional groups. To this end, several UAAs suitable for amber suppression are available,
including 4-cyano-, 4-azido- and 4-azidomethyl-phenylalanine (Bazewicz et al. 2013; Schultz et al. 2006; Ye et al. 2010).
13C, 15N-labeled thiocyanates, on the other hand, can be obtained by cyanylation of cysteine residues (van Wilderen et al.
2014).

5. Outlook
Our goal in this review has been to examine the contents of the modern protein engineering toolbox, with the particular needs
of the structural biologist in mind. As is hopefully evident from the preceding sections, there are now many highly versatile

Fig. 14. Dual labeling of proteins with fluorophores. (a) A labeling strategy based on the combination of cysteine chemistry and amber
suppression (Brustad et al. 2008). (b) The FlAsH labeling system can be used for the selective modification of a genetically encoded pep-
tide tag, in combination with amber suppression (Perdios et al. 2017). (c) A dual labeling strategy based on native chemical ligation and
amber suppression (Wissner et al. 2013). (d) Genetic incorporation of two UAAs using orthogonal ribosomes that can decode the AGTA
quadruplet codon (Sachdeva et al. 2014).
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strategies to manipulate and decorate protein constructs, allowing the creation of molecules and assemblies that faithfully rep-
resent the complexity of biological systems. We hope that this resource will serve as an inspiration to the structural biologist
looking to improve on sample preparation protocols, construct interesting and relevant samples, or devise new strategies that
push the boundaries of modern structural biology methods. Undoubtedly, these tools will continue to improve and evolve,
expanding the range of options for both in vitro and in vivo applications. Yet, many challenges still lie ahead. For example,
better tools are desperately needed to reign in obstinate systems such as membrane proteins, intrinsically disordered domains
or amyloidogeneic polypeptides (Butterfield et al. 2012; Uversky, 2015; Zuo et al. 2015). These constructs, traditionally recal-
citrant to protein engineering and structural biology analysis alike, beg for more efficient (semi)-synthetic, genetic or intein/
sortase-based approaches that circumvent low expression yields and poor solubility issues. Next, the site-specific manipulation
of large proteins and assemblies (especially those prepared in eukaryotic systems) is still an overwhelmingly difficult task, and
new chemical tools and ideas are needed to supplement the existing genetic and enzymatic approaches. At the same time, the
demand for constructs bearing multiple modifications will continue to increase. For example, dissecting the molecular basis of
biological cross-talks requires access to homogeneous samples of proteins carrying multiple chemically diverse PTMs (Allis &
Muir, 2011; Bah & Forman-Kay, 2016). Many biological molecules and assemblies are also too complex for structural analysis
by one technique alone (Cramer, 2016; McGinty & Tan, 2015; Tynan et al. 2016), and the increasing need for method inte-
gration will necessitate the construction of samples suitable for multi-modal studies.

Concurrently, structural biologists are devising new strategies to improve the sensitivity of their respective methodologies and
reduce the amounts of precious biological materials required for structural analysis. New technological developments such as
X-ray free-electron lasers (Neutze et al. 2015), polarization enhancement strategies for NMR spectroscopy (Ardenkjaer-Larsen
et al. 2015; Maly et al. 2008), and the enhanced capabilities of cryo-EM instrumentation (Nogales, 2016) will certainly be
central to these efforts. The rise of mass spectrometry based structural approaches, including hydrogen–deuterium exchange,
ion mobility-mass spectrometry or cross-linking based analysis, also holds the bright promise to reveal structural information
from samples in the picomole regime (Lossl et al. 2016). At the same time, structural biologists have started to turn to the
cellular milieu as the future arena of structural endeavors (Beck & Baumeister, 2016; Freedberg & Selenko, 2014). In this
undoubtedly daunting task, structural biologists are not alone. Protein engineers, with their long track record of successes
in the selective manipulation of complex systems both in vitro and in vivo, are ready to meet these exciting new challenges
through innovations that will continue to push the boundaries of chemical biology.

Acknowledgements
We would like to thank Adam Stevens, Antony Burton, Felix Wojcik and Robert Thompson for many helpful discussions. We
also acknowledge the contributions of many colleagues whose work could not be included in this review due to space lim-
itations. This work was supported by US National Institutes of Health grants R37-GM086868, R01-GM107047 and
P01-CA196539.

References
AGARD, N. J., PRESCHER, J. A. & BERTOZZI, C. R. (2004). A strain-promoted [3 + 2] azide-alkyne cycloaddition for covalent modification of bio-
molecules in living systems. Journal of the American Chemical Society 126(46), 15046–15047.

AGARWAL, P., KUDIRKA, R., ALBERS, A. E., BARFIELD, R. M., DE HART, G.W., DRAKE, P. M., JONES, L. C. & RABUKA, D. (2013).
Hydrazino-Pictet-Spengler ligation as a biocompatible method for the generation of stable protein conjugates. Bioconjugate Chemistry
24(6), 846–851.

AI, H.W., SHEN, W., SAGI, A., CHEN, P. R. & SCHULTZ, P. G. (2011). Probing protein–protein interactions with a genetically encoded photo-
crosslinking amino acid. ChemBioChem 12(12), 1854–1857.

ALLIS, C. D. & MUIR, T. W. (2011). Spreading chromatin into chemical biology. ChemBioChem 12(2), 264–279.
ANDERSEN, K. A. & RAINES, R. T. (2015). Creating site-specific isopeptide linkages between proteins with the traceless Staudinger ligation.
Methods in Molecular Biology 1248, 55–65.

ANTOS, J. M., TRUTTMANN, M. C. & PLOEGH, H. L. (2016). Recent advances in sortase-catalyzed ligation methodology. Current Opinion in
Structural Biology 38, 111–118.

APPLEBY, J. H., ZHOU, K., VOLKMANN, G. & LIU, X. Q. (2009). Novel split intein for trans-splicing synthetic peptide onto C terminus of protein.
Journal of Biological Chemistry 284(10), 6194–6199.

ARBELY, E., NATAN, E., BRANDT, T., ALLEN, M. D., VEPRINTSEV, D. B., ROBINSON, C. V., CHIN, J. W., JOERGER, A. C. & FERSHT, A. R. (2011).
Acetylation of lysine 120 of p53 endows DNA-binding specificity at effective physiological salt concentration. Proceedings of the
National Academy of Sciences United States of America 108(20), 8251–8256.

27

https://doi.org/10.1017/S0033583517000051 Published online by Cambridge University Press

https://doi.org/10.1017/S0033583517000051


ARDENKJAER-LARSEN, J. H., BOEBINGER, G. S., COMMENT, A., DUCKETT, S., EDISON, A. S., ENGELKE, F., GRIESINGER, C., GRIFFIN, R. G., HILTY, C., MAEDA,
H., PARIGI, G., PRISNER, T., RAVERA, E., VAN BENTUM, J., VEGA, S., WEBB, A., LUCHINAT, C., SCHWALBE, H. & FRYDMAN, L. (2015). Facing and
overcoming sensitivity challenges in biomolecular NMR spectroscopy. Angewandte Chemie (International edition in English) 54(32),
9162–9185.

AULABAUGH, A., DING, W., KAPOOR, B., TABEI, K., ALKSNE, L., DUSHIN, R., ZATZ, T., ELLESTAD, G. & HUANG, X. (2007). Development of an HPLC
assay for Staphylococcus aureus sortase: evidence for the formation of the kinetically competent acyl enzyme intermediate. Analytical
Biochemistry 360(1), 14–22.

BAH, A. & FORMAN-KAY, J. D. (2016). Modulation of intrinsically disordered protein function by post-translational modifications. Journal of
Biological Chemistry 291(13), 6696–6705.

BAIZ, C. R., REPPERT, M. & TOKMAKOFF, A. (2013). An introduction to protein 2D IR spectroscopy. Ultrafast Infrared Vibrational Spectroscopy
361–403.

BARTON, W. A., TZVETKOVA-ROBEV, D., ERDJUMENT-BROMAGE, H., TEMPST, P. & NIKOLOV, D. B. (2006). Highly efficient selenomethionine labeling
of recombinant proteins produced in mammalian cells. Protein Science 15(8), 2008–2013.

BASLE, E., JOUBERT, N. & PUCHEAULT, M. (2010). Protein chemical modification on endogenous amino acids. Chemistry & Biology 17(3),
213–227.

BATJARGAL, S., WALTERS, C. R. & PETERSSON, E. J. (2015). Inteins as traceless purification tags for unnatural amino acid proteins. Journal of the
American Chemical Society 137(5), 1734–1737.

BAZEWICZ, C. G., LISKOV, M. T., HINES, K. J. & BREWER, S. H. (2013). Sensitive, site-specific, and stable vibrational probe of local protein envi-
ronments: 4-azidomethyl-L-phenylalanine. Journal of Physical Chemistry B 117(30), 8987–8993.

BECK, M. & BAUMEISTER, W. (2016). Cryo-electron tomography: can it reveal the molecular sociology of cells in atomic detail? Trends in Cell
Biology 26(11), 825–837.

BEN-SHEM, A., GARREAU DE LOUBRESSE, N., MELNIKOV, S., JENNER, L., YUSUPOVA, G. & YUSUPOV, M. (2011). The structure of the eukaryotic ribo-
some at 3·0 A resolution. Science 334(6062), 1524–1529.

BERNARDES, G. J., LINDEROTH, L., DOORES, K. J., BOUTUREIRA, O. & DAVIS, B. G. (2011). Site-selective traceless Staudinger ligation for glycoprotein
synthesis reveals scope and limitations. ChemBioChem 12(9), 1383–1386.

BEST, M., DEGEN, A., BAALMANN, M., SCHMIDT, T. T. & WOMBACHER, R. (2015). Two-step protein labeling by using lipoic acid ligase with nor-
bornene substrates and subsequent inverse-electron demand Diels–Alder reaction. ChemBioChem 16(8), 1158–1162.

BIANCO, A., TOWNSLEY, F. M., GREISS, S., LANG, K. & CHIN, J. W. (2012). Expanding the genetic code of Drosophila melanogaster. Nature
Chemical Biology 8(9), 748–750.

BLACKMAN, M. L., ROYZEN, M. & FOX, J. M. (2008). Tetrazine ligation: fast bioconjugation based on inverse-electron-demand Diels-Alder reac-
tivity. Journal of the American Chemical Society 130(41), 13518–13519.

BRILOT, A. F., CHEN, J. Z., CHENG, A., PAN, J., HARRISON, S. C., POTTER, C. S., CARRAGHER, B., HENDERSON, R. & GRIGORIEFF, N. (2012).
Beam-induced motion of vitrified specimen on holey carbon film. Journal of Structural Biology 177(3), 630–637.

BROCCHIERI, L. & KARLIN, S. (2005). Protein length in eukaryotic and prokaryotic proteomes. Nucleic Acids Research 33(10), 3390–3400.
BRUSTAD, E. M., LEMKE, E. A., SCHULTZ, P. G. & DENIZ, A. A. (2008). A general and efficient method for the site-specific dual-labeling of proteins
for single molecule fluorescence resonance energy transfer. Journal of the American Chemical Society 130(52), 17664–17665.

BURZ, D. S., DUTTA, K., COWBURN, D. & SHEKHTMAN, A. (2006). Mapping structural interactions using in-cell NMR spectroscopy
(STINT-NMR). Nature Methods 3(2), 91–93.

BUTTERFIELD, S., HEJJAOUI, M., FAUVET, B., AWAD, L. & LASHUEL, H. A. (2012). Chemical strategies for controlling protein folding and elucidating
the molecular mechanisms of amyloid formation and toxicity. Journal of Molecular Biology 421(2–3), 204–236.

CADY, S. D., SCHMIDT-ROHR, K., WANG, J., SOTO, C. S., DEGRADO, W. F. & HONG, M. (2010). Structure of the amantadine binding site of influenza
M2 proton channels in lipid bilayers. Nature 463(7281), 689–692.

CAMPBELL, M. G., VEESLER, D., CHENG, A., POTTER, C. S. & CARRAGHER, B. (2015). 2·8 A resolution reconstruction of the thermoplasma acido-
philum 20S proteasome using cryo-electron microscopy. Elife 4, e06380.

CARVAJAL-VALLEJOS, P., PALLISSE, R., MOOTZ, H. D. & SCHMIDT, S. R. (2012). Unprecedented rates and efficiencies revealed for new natural split
inteins from metagenomic sources. Journal of Biological Chemistry 287(34), 28686–28696.

CASPI, J., AMITAI, G., BELENKIY, O. & PIETROKOVSKI, S. (2003). Distribution of split DnaE inteins in cyanobacteria. Molecular Microbiology 50(5),
1569–1577.

CASTANEDA, C., LIU, J., CHATURVEDI, A., NOWICKA, U., CROPP, T. A. & FUSHMAN, D. (2011a). Nonenzymatic assembly of natural polyubi-
quitin chains of any linkage composition and isotopic labeling scheme. Journal of the American Chemical Society 133(44),
17855–17868.

CASTANEDA, C. A., SPASSER, L., BAVIKAR, S. N., BRIK, A. & FUSHMAN, D. (2011b). Segmental isotopic labeling of ubiquitin chains to unravel
monomer-specific molecular behavior. Angewandte Chemie (International edition in English) 50(47), 11210–11214.

CELLITTI, S. E., JONES, D. H., LAGPACAN, L., HAO, X., ZHANG, Q., HU, H., BRITTAIN, S. M., BRINKER, A., CALDWELL, J., BURSULAYA, B., SPRAGGON, G.,
BROCK, A., RYU, Y., UNO, T., SCHULTZ, P. G. & GEIERSTANGER, B. H. (2008). In vivo incorporation of unnatural amino acids to probe structure,
dynamics, and ligand binding in a large protein by nuclear magnetic resonance spectroscopy. Journal of the American Chemical Society
130(29), 9268–9281.

CERGOL, K. M., THOMPSON, R. E., MALINS, L. R., TURNER, P. & PAYNE, R. J. (2014). One-pot peptide ligation-desulfurization at glutamate. Organic
Letters 16(1), 290–293.

28

https://doi.org/10.1017/S0033583517000051 Published online by Cambridge University Press

https://doi.org/10.1017/S0033583517000051


CHAKRABORTY, A., MAZUMDER, A., LIN, M., HASEMEYER, A., XU, Q., WANG, D., EBRIGHT, Y.W. & EBRIGHT, R. H. (2015). Site-specific incorporation
of probes into RNA polymerase by unnatural-amino-acid mutagenesis and Staudinger–Bertozzi ligation. Methods in Molecular Biology
1276, 101–131.

CHALKER, J. M., BERNARDES, G. J., LIN, Y. A. & DAVIS, B. G. (2009). Chemical modification of proteins at cysteine: opportunities in chemistry and
biology. Chemistry, an Asian Journal 4(5), 630–640.

CHALKER, J. M., LERCHER, L., ROSE, N. R., SCHOFIELD, C. J. & DAVIS, B. G. (2012). Conversion of cysteine into dehydroalanine enables access
to synthetic histones bearing diverse post-translational modifications. Angewandte Chemie (International edition in English) 51(8),
1835–1839.

CHAN, A. O., HO, C. M., CHONG, H. C., LEUNG, Y. C., HUANG, J. S., WONG, M. K. & CHE, C. M. (2012). Modification of N-terminal alpha-amino
groups of peptides and proteins using ketenes. Journal of the American Chemical Society 134(5), 2589–2598.

CHATTERJEE, A., GUO, J., LEE, H. S. & SCHULTZ, P. G. (2013a). A genetically encoded fluorescent probe in mammalian cells. Journal of the
American Chemical Society 135(34), 12540–12543.

CHATTERJEE, A., SUN, S. B., FURMAN, J. L., XIAO, H. & SCHULTZ, P. G. (2013b). A versatile platform for single- and multiple-unnatural amino acid
mutagenesis in Escherichia coli. Biochemistry 52(10), 1828–1837.

CHATTERJEE, A., XIAO, H., BOLLONG, M., AI, H.W. & SCHULTZ, P. G. (2013c). Efficient viral delivery system for unnatural amino acid mutagenesis
in mammalian cells. Proceedings of the National Academy of Sciences United States of America 110(29), 11803–11808.

CHATTERJEE, C., MCGINTY, R. K., FIERZ, B. & MUIR, T.W. (2010). Disulfide-directed histone ubiquitylation reveals plasticity in hDot1L activation.
Nature Chemical Biology 6(4), 267–269.

CHEN, H., VIEL, S., ZIARELLI, F. & PENG, L. (2013). 19F NMR: a valuable tool for studying biological events. Chemical Society Reviews 42(20),
7971–7982.

CHEN, I., DORR, B. M. & LIU, D. R. (2011). A general strategy for the evolution of bond-forming enzymes using yeast display. Proceedings of the
National Academy of Sciences United States of America 108(28), 11399–11404.

CHEN, J., AI, Y., WANG, J., HARACSKA, L. & ZHUANG, Z. (2010a). Chemically ubiquitylated PCNA as a probe for eukaryotic translesion DNA
synthesis. Nature Chemical Biology 6(4), 270–272.

CHEN, J., WAN, Q., YUAN, Y., ZHU, J. L. & DANISHEFSKY, S. J. (2008). Native chemical ligation at valine: a contribution to peptide and glycopep-
tide synthesis. Angewandte Chemie (International Edition in English) 47(44), 8521–8524.

CHEN, J., WANG, P., ZHU, J. L., WAN, Q. & DANISHEFSKY, S. J. (2010b). A program for ligation at threonine sites: application to the controlled total
synthesis of glycopeptides. Tetrahedron 66(13), 2277–2283.

CHEN, P. R., GROFF, D., GUO, J., OU, W., CELLITTI, S., GEIERSTANGER, B. H. & SCHULTZ, P. G. (2009). A facile system for encoding unnatural amino
acids in mammalian cells. Angewandte Chemie (International edition in English) 48(22), 4052–4055.

CHEN, W. N., KUPPAN, K. V., LEE, M. D., JAUDZEMS, K., HUBER, T. & OTTING, G. (2015). O-tert-Butyltyrosine, an NMR tag for
high-molecular-weight systems and measurements of submicromolar ligand binding affinities. Journal of the American Chemical Society
137(13), 4581–4586.

CHENG, Y. (2015). Single-particle cryo-em at crystallographic resolution. Cell 161(3), 450–457.
CHERIYAN, M., PEDAMALLU, C. S., TORI, K. & PERLER, F. (2013). Faster protein splicing with the Nostoc punctiforme DnaE intein using non-native
extein residues. Journal of Biological Chemistry 288(9), 6202–6211.

CHIN, J. W. (2014). Expanding and reprogramming the genetic code of cells and animals. Annual Review of Biochemistry 83, 379–408.
CHIN, J. W., MARTIN, A. B., KING, D. S., WANG, L. & SCHULTZ, P. G. (2002a). Addition of a photocrosslinking amino acid to the genetic code of
Escherichia coli. Proceedings of the National Academy of Sciences United States of America 99(17), 11020–11024.

CHIN, J. W., SANTORO, S. W., MARTIN, A. B., KING, D. S., WANG, L. & SCHULTZ, P. G. (2002b). Addition of p-azido-L-phenylalanine to the genetic
code of Escherichia coli. Journal of the American Chemical Society 124(31), 9026–9027.

CHOU, C. J., UPRETY, R., DAVIS, L., CHIN, J. W. & DEITERS, A. (2011). Genetically encoding an aliphatic diazirine for protein photocrosslinking.
Chemical Science 2(3), 480–483.

CHOW, W. Y., RAJAN, R., MULLER, K. H., REID, D. G., SKEPPER, J. N., WONG, W. C., BROOKS, R. A., GREEN, M., BIHAN, D., FARNDALE, R.W., SLATTER,
D. A., SHANAHAN, C. M. & DUER, M. J. (2014). NMR spectroscopy of native and in vitro tissues implicates polyADP ribose in biomineral-
ization. Science 344(6185), 742–746.

COHEN, J. D., ZOU, P. & TING, A. Y. (2012). Site-specific protein modification using lipoic acid ligase and bis-aryl hydrazone formation.
ChemBioChem 13(6), 888–894.

COHEN, S. & ARBELY, E. (2016). Single-plasmid-based system for efficient noncanonical amino acid mutagenesis in cultured mammalian cells.
ChemBioChem 17(11), 1008–1011.

CORNISH, V.W., BENSON, D. R., ALTENBACH, C. A., HIDEG, K., HUBBELL, W. L. & SCHULTZ, P. G. (1994). Site-specific incorporation of biophysical
probes into proteins. Proceedings of the National Academy of Sciences United States of America 91(8), 2910–2914.

COURTER, J. R., ABDO, M., BROWN, S. P., TUCKER, M. J., HOCHSTRASSER, R. M. & SMITH III, A. B. (2014). The design and synthesis of alanine-rich
alpha-helical peptides constrained by an S,S-tetrazine photochemical trigger: a fragment union approach. Journal of Organic Chemistry
79(2), 759–768.

CRAMER, P. (2016). Structure determination of transient transcription complexes. Biochemical Society Transactions 44(4), 1177–1182.
CRICH, D. & BANERJEE, A. (2007). Native chemical ligation at phenylalanine. Journal of the American Chemical Society 129(33), 10064.
CRONIN, C. N., LIM, K. B. & ROGERS, J. (2007). Production of selenomethionyl-derivatized proteins in baculovirus-infected insect cells. Protein
Science 16(9), 2023–2029.

29

https://doi.org/10.1017/S0033583517000051 Published online by Cambridge University Press

https://doi.org/10.1017/S0033583517000051


CUI, G., PARK, S., BADEAUX, A. I., KIM, D., LEE, J., THOMPSON, J. R., YAN, F., KANEKO, S., YUAN, Z., BOTUYAN, M. V., BEDFORD, M. T., CHENG, J. Q. &
MER, G. (2012). PHF20 is an effector protein of p53 double lysine methylation that stabilizes and activates p53. Nature Structural &
Molecular Biology 19(9), 916–924.

DAVID, Y., VILA-PERELLO, M., VERMA, S. & MUIR, T.W. (2015). Chemical tagging and customizing of cellular chromatin states using ultrafast
trans-splicing inteins. Nature Chemistry 7(5), 394–402.

DAVIS, C. M., COOPER, A. K. & DYER, R. B. (2015). Fast helix formation in the B domain of protein A revealed by site-specific infrared probes.
Biochemistry 54(9), 1758–1766.

DAWSON, P. E. (2011). Native chemical ligation combined with desulfurization and deselenization: a general strategy for chemical protein syn-
thesis. Israel Journal of Chemistry 51(8–9), 862–867.

DAWSON, P. E. & KENT, S. B. (2000). Synthesis of native proteins by chemical ligation. Annual Review of Biochemistry 69, 923–960.
DAWSON, P. E., MUIR, T.W., CLARK-LEWIS, I. & KENT, S. B. (1994). Synthesis of proteins by native chemical ligation. Science 266(5186), 776–779.
DEBELOUCHINA, G. T., BAYRO, M. J., FITZPATRICK, A. W., LADIZHANSKY, V., COLVIN, M. T., CAPORINI, M. A., JARONIEC, C. P., BAJAJ, V. S., ROSAY, M.,
MACPHEE, C. E., VENDRUSCOLO, M., MAAS, W. E., DOBSON, C. M. & GRIFFIN, R. G. (2013). Higher order amyloid fibril structure by MAS NMR
and DNP spectroscopy. Journal of the American Chemical Society 135(51), 19237–19247.

DEBELOUCHINA, G. T., GERECHT, K. & MUIR, T.W. (2017). Ubiquitin utilizes an acidic surface patch to alter chromatin structure. Nature
Chemical Biology 13(1), 105–110.

DE ROSIER, D. J. & KLUG, A. (1968). Reconstruction of three dimensional structures from electron micrographs. Nature 217(5124), 130–134.
DEVARAJ, N. K., WEISSLEDER, R. & HILDERBRAND, S. A. (2008). Tetrazine-based cycloadditions: application to pretargeted live cell imaging.
Bioconjugate Chemistry 19(12), 2297–2299.

DHAYALAN, B., FITZPATRICK, A., MANDAL, K., WHITTAKER, J., WEISS, M. A., TOKMAKOFF, A. & KENT, S. B. (2016). Efficient total chemical synthesis
of (13) C=(18) O isotopomers of human insulin for isotope-edited FTIR. ChemBioChem 17(5), 415–420.

DIMURA, M., PEULEN, T. O., HANKE, C. A., PRAKASH, A., GOHLKE, H. & SEIDEL, C. A. (2016). Quantitative FRET studies and integrative modeling
unravel the structure and dynamics of biomolecular systems. Current Opinion in Structural Biology 40, 163–185.

DIRKSEN, A. & DAWSON, P. E. (2008). Rapid oxime and hydrazone ligations with aromatic aldehydes for biomolecular labeling. Bioconjugate
Chemistry 19(12), 2543–2548.

DOMMERHOLT, J., SCHMIDT, S., TEMMING, R., HENDRIKS, L. J., RUTJES, F. P., VAN HEST, J. C., LEFEBER, D. J., FRIEDL, P. & VAN DELFT, F. L. (2010).
Readily accessible bicyclononynes for bioorthogonal labeling and three-dimensional imaging of living cells. Angewandte Chemie
(International edition in English) 49(49), 9422–9425.

DORR, B. M., HAM, H. O., AN, C., CHAIKOF, E. L. & LIU, D. R. (2014). Reprogramming the specificity of sortase enzymes. Proceedings of the
National Academy of Sciences United States of America 111(37), 13343–13348.

EL OUALID, F., MERKX, R., EKKEBUS, R., HAMEED, D. S., SMIT, J. J., DE JONG, A., HILKMANN, H., SIXMA, T. K. & OVAA, H. (2010). Chemical synthesis
of ubiquitin, ubiquitin-based probes, and diubiquitin. Angewandte Chemie (International edition in English) 49(52), 10149–10153.

ELSASSER, S. J., ERNST, R. J., WALKER, O. S. & CHIN, J. W. (2016). Genetic code expansion in stable cell lines enables encoded chromatin mod-
ification. Nature Methods 13(2), 158–164.

ELSOHLY, A. M. & FRANCIS, M. B. (2015). Development of oxidative coupling strategies for site-selective protein modification. Accounts of
Chemical Research 48(7), 1971–1978.

ENGLAND, P. M., ZHANG, Y., DOUGHERTY, D. A. & LESTER, H. A. (1999). Backbone mutations in transmembrane domains of a ligand-gated ion
channel: implications for the mechanism of gating. Cell 96(1), 89–98.

ERNST, R. J., KROGAGER, T. P., MAYWOOD, E. S., ZANCHI, R., BERANEK, V., ELLIOTT, T. S., BARRY, N. P., HASTINGS, M. H. & CHIN, J. W. (2016). Genetic
code expansion in the mouse brain. Nature Chemical Biology 12(10), 776–778.

EVANS, E. G. & MILLHAUSER, G. L. (2015). Genetic incorporation of the unnatural amino acid p-acetyl phenylalanine into proteins for site-
directed spin labeling. Methods in Enzymology 563, 503–527.

FAN, C., IP, K. & SOLL, D. (2016). Expanding the genetic code of Escherichia coli with phosphotyrosine. FEBS Letters 590(17), 3040–3047.
FAWZI, N. L., YING, J., GHIRLANDO, R., TORCHIA, D. A. & CLORE, G. M. (2011). Atomic-resolution dynamics on the surface of amyloid-beta pro-
tofibrils probed by solution NMR. Nature 480(7376), 268–272.

FERNANDEZ, I. S., BAI, X. C., HUSSAIN, T., KELLEY, A. C., LORSCH, J. R., RAMAKRISHNAN, V. & SCHERES, S. H. (2013). Molecular architecture of a
eukaryotic translational initiation complex. Science 342(6160), 1240585.

FICHT, S., PAYNE, R. J., BRIK, A. & WONG, C. H. (2007). Second-generation sugar-assisted ligation: a method for the synthesis of cysteine-
containing glycopeptides. Angewandte Chemie (International edition in English) 46(31), 5975–5979.

FITZPATRICK, A.W., DEBELOUCHINA, G. T., BAYRO, M. J., CLARE, D. K., CAPORINI, M. A., BAJAJ, V. S., JARONIEC, C. P., WANG, L., LADIZHANSKY, V.,
MULLER, S. A., MACPHEE, C. E., WAUDBY, C. A., MOTT, H. R., DE SIMONE, A., KNOWLES, T. P., SAIBIL, H. R., VENDRUSCOLO, M., ORLOVA, E. V.,
GRIFFIN, R. G. & DOBSON, C. M. (2013). Atomic structure and hierarchical assembly of a cross-beta amyloid fibril. Proceedings of the
National Academy of Sciences United States of America 110(14), 5468–5473.

FLEISSNER, M. R., BRUSTAD, E. M., KALAI, T., ALTENBACH, C., CASCIO, D., PETERS, F. B., HIDEG, K., PEUKER, S., SCHULTZ, P. G. & HUBBELL, W. L. (2009).
Site-directed spin labeling of a genetically encoded unnatural amino acid. Proceedings of the National Academy of Sciences United States of
America 106(51), 21637–21642.

FREDERICK, K. K., MICHAELIS, V. K., CORZILIUS, B., ONG, T. C., JACAVONE, A. C., GRIFFIN, R. G. & LINDQUIST, S. (2015). Sensitivity-enhanced NMR
reveals alterations in protein structure by cellular milieus. Cell 163(3), 620–628.

FREEDBERG, D. I. & SELENKO, P. (2014). Live cell NMR. Annual Review of Biophysics 43, 171–192.

30

https://doi.org/10.1017/S0033583517000051 Published online by Cambridge University Press

https://doi.org/10.1017/S0033583517000051


FREIBURGER, L., SONNTAG, M., HENNIG, J., LI, J., ZOU, P. & SATTLER, M. (2015). Efficient segmental isotope labeling of multi-domain proteins
using Sortase A. Journal of Biomolecular NMR 63(1), 1–8.

FRUTOS, S., GOGER, M., GIOVANI, B., COWBURN, D. & MUIR, T.W. (2010). Branched intermediate formation stimulates peptide bond cleavage in
protein splicing. Nature Chemical Biology 6(7), 527–533.

GAMBLIN, D. P., VAN KASTEREN, S., BERNARDES, G. J., CHALKER, J. M., OLDHAM, N. J., FAIRBANKS, A. J. & DAVIS, B. G. (2008). Chemical site-selective
prenylation of proteins. Molecular BioSystems 4(6), 558–561.

GATTNER, M. J., VRABEL, M. & CARELL, T. (2013). Synthesis of epsilon-N-propionyl-, epsilon-N-butyryl-, and epsilon-N-crotonyl-lysine con-
taining histone H3 using the pyrrolysine system. Chemical Communications (Cambridge) 49(4), 379–381.

GEORGE, S., AGUIRRE, J. D., SPRATT, D. E., BI, Y., JEFFERY, M., SHAW, G. S. & O’DONOGHUE, P. (2016). Generation of phospho-ubiquitin variants by
orthogonal translation reveals codon skipping. FEBS Letters 590(10), 1530–1542.

GILLES, M. A., HUDSON, A. Q. & BORDERS Jr., C. L. (1990). Stability of water-soluble carbodiimides in aqueous solution. Analytical Biochemistry
184(2), 244–248.

GLASGOW, J. E., SALIT, M. L. & COCHRAN, J. R. (2016). In vivo site-specific protein tagging with diverse amines using an engineered sortase
variant. Journal of the American Chemical Society 138(24), 7496–7499.

GOTO, Y., KATOH, T. & SUGA, H. (2011). Flexizymes for genetic code reprogramming. Nature Protocols 6(6), 779–790.
GRAYSON, E. J., WARD, S. J., HALL, A. L., RENDLE, P. M., GAMBLIN, D. P., BATSANOV, A. S. & DAVIS, B. G. (2005). Glycosyl disulfides: novel glyco-
sylating reagents with flexible aglycon alteration. Journal of Organic Chemistry 70(24), 9740–9754.

GREISS, S. & CHIN, J. W. (2011). Expanding the genetic code of an animal. Journal of the American Chemical Society 133(36), 14196–14199.
GRIFFIN, B. A., ADAMS, S. R. & TSIEN, R. Y. (1998). Specific covalent labeling of recombinant protein molecules inside live cells. Science
281(5374), 269–272.

GROSSE, W., ESSEN, L. O. & KOERT, U. (2011). Strategies and perspectives in ion-channel engineering. ChemBioChem 12(6), 830–839.
GUAN, D., RAMIREZ, M. & CHEN, Z. (2013). Split intein mediated ultra-rapid purification of tagless protein (SIRP). Biotechnology and
Bioengineering 110(9), 2471–2481.

GUIMARAES, C. P., WITTE, M. D., THEILE, C. S., BOZKURT, G., KUNDRAT, L., BLOM, A. E. & PLOEGH, H. L. (2013). Site-specific C-terminal and inter-
nal loop labeling of proteins using sortase-mediated reactions. Nature Protocols 8(9), 1787–1799.

HAASE, C., ROHDE, H. & SEITZ, O. (2008). Native chemical ligation at valine. Angewandte Chemie (International edition in English) 47(36),
6807–6810.

HANCOCK, S. M., UPRETY, R., DEITERS, A. & CHIN, J. W. (2010). Expanding the genetic code of yeast for incorporation of diverse unnatural amino
acids via a pyrrolysyl-tRNA synthetase/tRNA pair. Journal of the American Chemical Society 132(42), 14819–14824.

HANEY, C. M., WISSNER, R. F. & PETERSSON, E. J. (2015). Multiply labeling proteins for studies of folding and stability. Current Opinion in
Chemical Biology 28, 123–130.

HANEY, C. M., WISSNER, R. F., WARNER, J. B., WANG, Y. J., FERRIE, J. J., COVELL, D. J., KARPOWICZ, R. J., LEE, V. M. & PETERSSON, E. J. (2016).
Comparison of strategies for non-perturbing labeling of alpha-synuclein to study amyloidogenesis. Organic & Biomolecular 14(5),
1584–1592.

HARMAND, T. J., MURAR, C. E. & BODE, J. W. (2014). New chemistries for chemoselective peptide ligations and the total synthesis of proteins.
Current Opinion in Chemical Biology 22, 115–121.

HARPAZ, Z., SIMAN, P., KUMAR, K. S. A. & BRIK, A. (2010). Protein synthesis assisted by native chemical ligation at leucine. ChemBioChem 11(9),
1232–1235.

HAUKE, S., BEST, M., SCHMIDT, T. T., BAALMANN, M., KRAUSE, A. & WOMBACHER, R. (2014). Two-step protein labeling utilizing lipoic acid ligase
and Sonogashira cross-coupling. Bioconjugate Chemistry 25(9), 1632–1637.

HE, Y., FANG, J., TAATJES, D. J. & NOGALES, E. (2013). Structural visualization of key steps in human transcription initiation. Nature 495(7442),
481–486.

HECHT, S. M., ALFORD, B. L., KURODA, Y. & KITANO, S. (1978). ‘Chemical aminoacylation’ of tRNA’s. Journal of Biological Chemistry 253(13),
4517–4520.

HEJJAOUI, M., BUTTERFIELD, S., FAUVET, B., VERCRUYSSE, F., CUI, J., DIKIY, I., PRUDENT, M., OLSCHEWSKI, D., ZHANG, Y., ELIEZER, D. & LASHUEL, H. A.
(2012). Elucidating the role of C-terminal post-translational modifications using protein semisynthesis strategies: alpha-synuclein phosphor-
ylation at tyrosine 125. Journal of the American Chemical Society 134(11), 5196–5210.

HENDRICKSON, W. A., HORTON, J. R. & LEMASTER, D. M. (1990). Selenomethionyl proteins produced for analysis by multiwavelength anomalous
diffraction (MAD): a vehicle for direct determination of three-dimensional structure. EMBO Journal 9(5), 1665–1672.

HIRAKAWA, H., ISHIKAWA, S. & NAGAMUNE, T. (2015). Ca2+ -independent sortase-A exhibits high selective protein ligation activity in the cyto-
plasm of Escherichia coli. Biotechnol Journal 10(9), 1487–1492.

HIRATA, R., OHSUMK, Y., NAKANO, A., KAWASAKI, H., SUZUKI, K. & ANRAKU, Y. (1990). Molecular structure of a gene, VMA1, encoding the cat-
alytic subunit of H(+)-translocating adenosine triphosphatase from vacuolar membranes of Saccharomyces cerevisiae. Journal of Biological
Chemistry 265(12), 6726–6733.

HOFFMANN, C., GAIETTA, G., BUNEMANN, M., ADAMS, S. R., OBERDORFF-MAASS, S., BEHR, B., VILARDAGA, J. P., TSIEN, R. Y., ELLISMAN, M. H. & LOHSE, M.
J. (2005). A FlAsH-based FRET approach to determine G protein-coupled receptor activation in living cells. Nature Methods 2(3), 171–176.

HOLDING, A. N. (2015). XL-MS: protein cross-linking coupled with mass spectrometry. Methods 89, 54–63.
HONDAL, R. J., NILSSON, B. L. & RAINES, R. T. (2001). Selenocysteine in native chemical ligation and expressed protein ligation. Journal of the
American Chemical Society 123(21), 5140–5141.

31

https://doi.org/10.1017/S0033583517000051 Published online by Cambridge University Press

https://doi.org/10.1017/S0033583517000051


HU, Q. Y., BERTI, F. & ADAMO, R. (2016). Towards the next generation of biomedicines by site-selective conjugation. Chemical Society Reviews
45(6), 1691–1719.

HUBER, T., NAGANATHAN, S., TIAN, H., YE, S. & SAKMAR, T. P. (2013). Unnatural amino acid mutagenesis of GPCRs using amber codon sup-
pression and bioorthogonal labeling. Methods in Enzymology 520, 281–305.

HUGUENIN-DEZOT, N., DE CESARE, V., PELTIER, J., KNEBEL, A., KRISTARYIANTO, Y. A., ROGERSON, D. T., KULATHU, Y., TROST, M. & CHIN, J. W. (2016).
Synthesis of isomeric phosphoubiquitin chains reveals that phosphorylation controls deubiquitinase activity and specificity. Cell Reports
16(4), 1180–1193.

HUSADA, F., GOURIDIS, G., VIETROV, R., SCHUURMAN-WOLTERS, G. K., PLOETZ, E., DE BOER, M., POOLMAN, B. & CORDES, T. (2015). Watching con-
formational dynamics of ABC transporters with single-molecule tools. Biochemical Society Transactions 43(5), 1041–1047.

HYMAN, A. A., WEBER, C. A. & JULICHER, F. (2014). Liquid-liquid phase separation in biology. Annual Review of Cell and Developmental Biology
30, 39–58.

IGUMENOVA, T. I., MCDERMOTT, A. E., ZILM, K. W., MARTIN, R. W., PAULSON, E. K. & WAND, A. J. (2004). Assignments of carbon NMR resonances
for microcrystalline ubiquitin. Journal of the American Chemical Society 126(21), 6720–6727.

INOMATA, K., OHNO, A., TOCHIO, H., ISOGAI, S., TENNO, T., NAKASE, I., TAKEUCHI, T., FUTAKI, S., ITO, Y., HIROAKI, H. & SHIRAKAWA, M. (2009).
High-resolution multi-dimensional NMR spectroscopy of proteins in human cells. Nature 458(7234), 106–109.

IWAI, H., ZUGER, S., JIN, J. & TAM, P. H. (2006). Highly efficient protein trans-splicing by a naturally split DnaE intein from Nostoc punctiforme.
FEBS Letters 580(7), 1853–1858.

JACKSON, J. C., HAMMILL, J. T. & MEHL, R. A. (2007). Site-specific incorporation of a (19)F-amino acid into proteins as an NMR probe for char-
acterizing protein structure and reactivity. Journal of the American Chemical Society 129(5), 1160–1166.

JENTOFT, N. & DEARBORN, D. G. (1979). Labeling of proteins by reductive methylation using sodium cyanoborohydride. Journal of Biological
Chemistry 254(11), 4359–4365.

JOHNSON, D. B., XU, J., SHEN, Z., TAKIMOTO, J. K., SCHULTZ, M. D., SCHMITZ, R. J., XIANG, Z., ECKER, J. R., BRIGGS, S. P. & WANG, L. (2011). RF1
knockout allows ribosomal incorporation of unnatural amino acids at multiple sites. Nature Chemical Biology 7(11), 779–786.

JONES, D. H., CELLITTI, S. E., HAO, X., ZHANG, Q., JAHNZ, M., SUMMERER, D., SCHULTZ, P. G., UNO, T. & GEIERSTANGER, B. H. (2010). Site-specific
labeling of proteins with NMR-active unnatural amino acids. Journal of Biomolecular NMR 46(1), 89–100.

JOSHI, N. S., WHITAKER, L. R. & FRANCIS, M. B. (2004). A three-component Mannich-type reaction for selective tyrosine bioconjugation. Journal
of the American Chemical Society 126(49), 15942–15943.

JUDICE, J. K., GAMBLE, T. R., MURPHY, E. C., DE VOS, A. M. & SCHULTZ, P. G. (1993). Probing the mechanism of staphylococcal nuclease with
unnatural amino acids: kinetic and structural studies. Science 261(5128), 1578–1581.

KALKHOF, S. & SINZ, A. (2008). Chances and pitfalls of chemical cross-linking with amine-reactive N-hydroxysuccinimide esters. Analytical and
Bioanalytical Chemistry 392(1–2), 305–312.

KANE, P. M., YAMASHIRO, C. T., WOLCZYK, D. F., NEFF, N., GOEBL, M. & STEVENS, T. H. (1990). Protein splicing converts the yeast TFP1 gene
product to the 69-kD subunit of the vacuolar H(+)-adenosine triphosphatase. Science 250(4981), 651–657.

KANG, J. Y., KAWAGUCHI, D., COIN, I., XIANG, Z., O’LEARY, D. D., SLESINGER, P. A. & WANG, L. (2013). In vivo expression of a light-activatable
potassium channel using unnatural amino acids. Neuron 80(2), 358–370.

KENDREW, J. C., BODO, G., DINTZIS, H. M., PARRISH, R. G., WYCKOFF, H. & PHILLIPS, D. C. (1958). A three-dimensional model of the myoglobin
molecule obtained by x-ray analysis. Nature 181(4610), 662–666.

KENT, S., SOHMA, Y., LIU, S., BANG, D., PENTELUTE, B. & MANDAL, K. (2012). Through the looking glass--a new world of proteins enabled by
chemical synthesis. Journal of Peptide Science 18(7), 428–436.

KIM, C. H., KANG, M., KIM, H. J., CHATTERJEE, A. & SCHULTZ, P. G. (2012). Site-specific incorporation of epsilon-N-crotonyllysine into histones.
Angewandte Chemie (International edition in English) 51(29), 7246–7249.

KOBASHIGAWA, Y., KUMETA, H., OGURA, K. & INAGAKI, F. (2009). Attachment of an NMR-invisible solubility enhancement tag using a sortase-
mediated protein ligation method. Journal of Biomolecular NMR 43(3), 145–150.

KOEHLER, C., SAUTER, P. F., WAWRYSZYN, M., GIRONA, G. E., GUPTA, K., LANDRY, J. J., FRITZ, M. H., RADIC, K., HOFFMANN, J. E., CHEN, Z. A., ZOU, J.,
TAN, P. S., GALIK, B., JUNTTILA, S., STOLT-BERGNER, P., PRUNERI, G., GYENESEI, A., SCHULTZ, C., BISKUP, M. B., BESIR, H., BENES, V., RAPPSILBER, J.,
JECHLINGER, M., KORBEL, J. O., BERGER, I., BRAESE, S. & LEMKE, E. A. (2016). Genetic code expansion for multiprotein complex engineering.
Nature Methods 13, 997–1000.

KOH, J. T., CORNISH, V.W. & SCHULTZ, P. G. (1997). An experimental approach to evaluating the role of backbone interactions in proteins using
unnatural amino acid mutagenesis. Biochemistry 36(38), 11314–11322.

KOHRER, C., YOO, J. H., BENNETT, M., SCHAACK, J. & RAJBHANDARY, U. L. (2003). A possible approach to site-specific insertion of two different
unnatural amino acids into proteins in mammalian cells via nonsense suppression. Chemistry & Biology 10(11), 1095–1102.

KOLB, H. C., FINN, M. G. & SHARPLESS, K. B. (2001). Click chemistry: diverse chemical function from a few good reactions. Angewandte Chemie
(International edition in English) 40(11), 2004–2021.

KUCHER, S., KORNEEV, S., TYAGI, S., APFELBAUM, R., GROHMANN, D., LEMKE, E. A., KLARE, J. P., STEINHOFF, H. J. & KLOSE, D. (2016). Orthogonal spin
labeling using click chemistry for in vitro and in vivo applications. Journal of Magnetic Resonance 275, 38–45.

KUHLMANN, N., WROBLOWSKI, S., KNYPHAUSEN, P., DE BOOR, S., BRENIG, J., ZIENERT, A. Y., MEYER-TESCHENDORF, K., PRAEFCKE, G. J., NOLTE, H.,
KRUGER, M., SCHACHERL, M., BAUMANN, U., JAMES, L. C., CHIN, J. W. & LAMMERS, M. (2016). Structural and mechanistic insights into
the regulation of the fundamental rho regulator rhogdialpha by lysine acetylation. Journal of Biological Chemistry 291(11), 5484–5499.

32

https://doi.org/10.1017/S0033583517000051 Published online by Cambridge University Press

https://doi.org/10.1017/S0033583517000051


KUHN, S. M., RUBINI, M., MULLER, M. A. & SKERRA, A. (2011). Biosynthesis of a fluorescent protein with extreme pseudo-Stokes shift by
introducing a genetically encoded non-natural amino acid outside the fluorophore. Journal of the American Chemical Society 133(11),
3708–3711.

KUMAR, K. S. A., HAJ-YAHYA, M., OLSCHEWSKI, D., LASHUEL, H. A. & BRIK, A. (2009). Highly efficient and chemoselective peptide ubiquitylation.
Angewandte Chemie (International edition in English) 48(43), 8090–8094.

KWON, B., TIETZE, D., WHITE, P. B., LIAO, S. Y. & HONG, M. (2015). Chemical ligation of the influenza M2 protein for solid-state NMR char-
acterization of the cytoplasmic domain. Protein Science 24(7), 1087–1099.

KWON, I., WANG, P. & TIRRELL, D. A. (2006). Design of a bacterial host for site-specific incorporation of p-bromophenylalanine into recom-
binant proteins. Journal of the American Chemical Society 128(36), 11778–11783.

LAJOIE, M. J., ROVNER, A. J., GOODMAN, D. B., AERNI, H. R., HAIMOVICH, A. D., KUZNETSOV, G., MERCER, J. A., WANG, H. H., CARR, P. A., MOSBERG,
J. A., ROHLAND, N., SCHULTZ, P. G., JACOBSON, J. M., RINEHART, J., CHURCH, G. M. & ISAACS, F. J. (2013). Genomically recoded organisms expand
biological functions. Science 342(6156), 357–360.

LAMMERS, M., NEUMANN, H., CHIN, J. W. & JAMES, L. C. (2010). Acetylation regulates cyclophilin A catalysis, immunosuppression and HIV
isomerization. Nature Chemical Biology 6(5), 331–337.

LANG, K. & CHIN, J. W. (2014). Cellular incorporation of unnatural amino acids and bioorthogonal labeling of proteins. Chem Rev 114(9),
4764–4806.

LANG, K., DAVIS, L., TORRES-KOLBUS, J., CHOU, C., DEITERS, A. & CHIN, J. W. (2012a). Genetically encoded norbornene directs site-specific cellular
protein labelling via a rapid bioorthogonal reaction. Nature Chemistry 4(4), 298–304.

LANG, K., DAVIS, L., WALLACE, S., MAHESH, M., COX, D. J., BLACKMAN, M. L., FOX, J. M. & CHIN, J. W. (2012b). Genetic encoding of bicyclono-
nynes and trans-cyclooctenes for site-specific protein labeling in vitro and in live mammalian cells via rapid fluorogenic Diels-Alder reac-
tions. Journal of the American Chemical Society 134(25), 10317–10320.

LAUGHLIN, S. T., BASKIN, J. M., AMACHER, S. L. & BERTOZZI, C. R. (2008). In vivo imaging of membrane-associated glycans in developing zebrafish.
Science 320(5876), 664–667.

LAVERGNE, T., LAMICHHANE, R., MALYSHEV, D. A., LI, Z., LI, L., SPERLING, E., WILLIAMSON, J. R., MILLAR, D. P. & ROMESBERG, F. E. (2016). FRET
characterization of complex conformational changes in a large 16S ribosomal RNA fragment site-specifically labeled using unnatural
base pairs. ACS Chemical Biology 11(5), 1347–1353.

LEE, H. S., GUO, J., LEMKE, E. A., DIMLA, R. D. & SCHULTZ, P. G. (2009a). Genetic incorporation of a small, environmentally sensitive, fluorescent
probe into proteins in Saccharomyces cerevisiae. Journal of the American Chemical Society 131(36), 12921–12923.

LEE, H. S., SPRAGGON, G., SCHULTZ, P. G. & WANG, F. (2009b). Genetic incorporation of a metal-ion chelating amino acid into proteins as a
biophysical probe. Journal of the American Chemical Society 131(7), 2481–2483.

LEITNER, A., FAINI, M., STENGEL, F. & AEBERSOLD, R. (2016). Crosslinking and mass spectrometry: an integrated technology to understand the
structure and function of molecular machines. Trends in Biochemical Sciences 41(1), 20–32.

LEMIEUX, G. A., DE GRAFFENRIED, C. L. & BERTOZZI, C. R. (2003). A fluorogenic dye activated by the staudinger ligation. Journal of the American
Chemical Society 125(16), 4708–4709.

LENNARD, K. R. & TAVASSOLI, A. (2014). Peptides come round: using SICLOPPS libraries for early stage drug discovery. Chemistry 20(34),
10608–10614.

LE SUEUR, A. L., HORNESS, R. E. & THIELGES, M. C. (2015). Applications of two-dimensional infrared spectroscopy. Analyst 140(13), 4336–4349.
LI, D., PYE, V. E. & CAFFREY, M. (2015). Experimental phasing for structure determination using membrane-protein crystals grown by the lipid
cubic phase method. Acta Crystallographica D, Biological Crystallography 71(Pt 1), 104–122.

LI, F., SHI, P., LI, J., YANG, F., WANG, T., ZHANG, W., GAO, F., DING, W., LI, D., LI, J., XIONG, Y., SUN, J., GONG, W., TIAN, C. & WANG, J. (2013a).
A genetically encoded 19F NMR probe for tyrosine phosphorylation. Angewandte Chemie (International edition in English) 52(14),
3958–3962.

LI, F., ZHANG, H., SUN, Y., PAN, Y., ZHOU, J. & WANG, J. (2013b). Expanding the genetic code for photoclick chemistry in E. coli, mammalian
cells, and A. thaliana. Angewandte Chemie (International edition in English) 52(37), 9700–9704.

LIN, S., YANG, X., JIA, S., WEEKS, A. M., HORNSBY, M., LEE, P. S., NICHIPORUK, R. V., IAVARONE, A. T., WELLS, J. A., TOSTE, F. D. & CHANG, C. J.
(2017). Redox-based reagents for chemoselective methionine bioconjugation. Science 355(6325), 597–602.

LINK, A. J., VINK, M. K. & TIRRELL, D. A. (2004). Presentation and detection of azide functionality in bacterial cell surface proteins. Journal of
the American Chemical Society 126(34), 10598–10602.

LIU, C. C., BRUSTAD, E., LIU, W. & SCHULTZ, P. G. (2007). Crystal structure of a biosynthetic sulfo-hirudin complexed to thrombin. Journal of
the American Chemical Society 129(35), 10648–10649.

LIU, C. C. & SCHULTZ, P. G. (2010). Adding new chemistries to the genetic code. Annual Review of Biochemistry 79, 413–444.
LIU, D. S., TANGPEERACHAIKUL, A., SELVARAJ, R., TAYLOR, M. T., FOX, J. M. & TING, A. Y. (2012). Diels-Alder cycloaddition for fluorophore tar-
geting to specific proteins inside living cells. Journal of the American Chemical Society 134(2), 792–795.

LIU, F., LUO, E. Y., FLORA, D. B. & MEZO, A. R. (2014a). Irreversible sortase A-mediated ligation driven by diketopiperazine formation. Journal
of Organic Chemistry 79(2), 487–492.

LIU, Z., FRUTOS, S., BICK, M. J., VILA-PERELLO, M., DEBELOUCHINA, G. T., DARST, S. A. & MUIR, T. W. (2014b). Structure of the branched interme-
diate in protein splicing. Proceedings of the National Academy of Sciences United States of America 111(23), 8422–8427.

LOQUET, A., SGOURAKIS, N. G., GUPTA, R., GILLER, K., RIEDEL, D., GOOSMANN, C., GRIESINGER, C., KOLBE, M., BAKER, D., BECKER, S. & LANGE, A.
(2012). Atomic model of the type III secretion system needle. Nature 486(7402), 276–279.

33

https://doi.org/10.1017/S0033583517000051 Published online by Cambridge University Press

https://doi.org/10.1017/S0033583517000051


LOSCHA, K. V., HERLT, A. J., QI, R., HUBER, T., OZAWA, K. & OTTING, G. (2012). Multiple-site labeling of proteins with unnatural amino acids.
Angewandte Chemie (International edition in English) 51(9), 2243–2246.

LOSSL, P., VAN DE WATERBEEMD, M. & HECK, A. J. (2016). The diverse and expanding role of mass spectrometry in structural and molecular
biology. EMBO Journal 35(24), 2634–2657.

LU, J. X., QIANG, W., YAU, W. M., SCHWIETERS, C. D., MEREDITH, S. C. & TYCKO, R. (2013). Molecular structure of beta-amyloid fibrils in
Alzheimer’s disease brain tissue. Cell 154(6), 1257–1268.

LU, W., RANDAL, M., KOSSIAKOFF, A. & KENT, S. B. (1999). Probing intermolecular backbone H-bonding in serine proteinase-protein inhibitor
complexes. Chemistry & Biology 6(7), 419–427.

LU, X., SIMON, M. D., CHODAPARAMBIL, J. V., HANSEN, J. C., SHOKAT, K. M. & LUGER, K. (2008). The effect of H3K79 dimethylation and H4K20
trimethylation on nucleosome and chromatin structure. Nature Structural & Molecular Biology 15(10), 1122–1124.

LUDWIG, C., PFEIFF, M., LINNE, U. & MOOTZ, H. D. (2006). Ligation of a synthetic peptide to the N terminus of a recombinant protein using
semisynthetic protein trans-splicing. Angewandte Chemie (International edition in English) 45(31), 5218–5221.

LUGER, K., MADER, A. W., RICHMOND, R. K., SARGENT, D. F. & RICHMOND, T. J. (1997). Crystal structure of the nucleosome core particle at 2·8 A
resolution. Nature 389(6648), 251–260.

LYON, R. P., SETTER, J. R., BOVEE, T. D., DORONINA, S. O., HUNTER, J. H., ANDERSON, M. E., BALASUBRAMANIAN, C. L., DUNIHO, S. M., LEISKE, C. I., LI,
F. & SENTER, P. D. (2014). Self-hydrolyzing maleimides improve the stability and pharmacological properties of antibody-drug conjugates.
Nature Biotechnology 32(10), 1059–1062.

MACDONALD, J. I., MUNCH, H. K., MOORE, T. & FRANCIS, M. B. (2015). One-step site-specific modification of native proteins with 2-pyridinecar-
boxyaldehydes. Nature Chemical Biology 11(5), 326–331.

MACMILLAN, D., BILL, R. M., SAGE, K. A., FERN, D. & FLITSCH, S. L. (2001). Selective in vitro glycosylation of recombinant proteins: semi-synthesis
of novel homogeneous glycoforms of human erythropoietin. Chemistry & Biology 8(2), 133–145.

MALINS, L. R., CERGOL, K. M. & PAYNE, R. J. (2013). Peptide ligation-desulfurization chemistry at Arginine. ChemBioChem 14(5), 559–563.
MALINS, L. R., CERGOL, K. M. & PAYNE, R. J. (2014). Chemoselective sulfenylation and peptide ligation at tryptophan. Chemical Science 5(1),
260–266.

MALINS, L. R. & PAYNE, R. J. (2015). Modern extensions of native chemical ligation for chemical protein synthesis. Topics in Current Chemistry
362, 27–87.

MALLAGARAY, A., DOMINGUEZ, G., PETERS, T. & PEREZ-CASTELLS, J. (2016). A rigid lanthanide binding tag to aid NMR studies of a 70 kDa homo-
dimeric coat protein of human norovirus. Chemical Communications (Cambridge) 52(3), 601–604.

MALY, T., DEBELOUCHINA, G. T., BAJAJ, V. S., HU, K. N., JOO, C. G., MAK-JURKAUSKAS, M. L., SIRIGIRI, J. R., VAN DER WEL, P. C., HERZFELD, J., TEMKIN,
R. J. & GRIFFIN, R. G. (2008). Dynamic nuclear polarization at high magnetic fields. Journal of Chemical Physics 128(5), 052211.

MALYSHEV, D. A., DHAMI, K., LAVERGNE, T., CHEN, T., DAI, N., FOSTER, J. M., CORREA, Jr., I. R. & ROMESBERG, F. E. (2014). A semi-synthetic organ-
ism with an expanded genetic alphabet. Nature 509(7500), 385–388.

MANDAL, K., UPPALAPATI, M., AULT-RICHE, D., KENNEY, J., LOWITZ, J., SIDHU, S. S. & KENT, S. B. (2012). Chemical synthesis and X-ray structure of
a heterochiral {D-protein antagonist plus vascular endothelial growth factor} protein complex by racemic crystallography. Proceedings of the
National Academy of Sciences United States of America 109(37), 14779–14784.

MANDLIK, A., SWIERCZYNSKI, A., DAS, A. & TON-THAT, H. (2008). Pili in Gram-positive bacteria: assembly, involvement in colonization and
biofilm development. Trends in Microbiology 16(1), 33–40.

MAO, H., HART, S. A., SCHINK, A. & POLLOK, B. A. (2004). Sortase-mediated protein ligation: a new method for protein engineering. Journal of
the American Chemical Society 126(9), 2670–2671.

MARECEK, J., SONG, B., BREWER, S., BELYEA, J., DYER, R. B. & RALEIGH, D. P. (2007). A simple and economical method for the production of
13C,18O-labeled Fmoc-amino acids with high levels of enrichment: applications to isotope-edited IR studies of proteins. Organic
Letters 9(24), 4935–4937.

MARSH, E. N. & SUZUKI, Y. (2014). Using (19)F NMR to probe biological interactions of proteins and peptides. ACS Chemical Biology 9(6),
1242–1250.

MARTINEZ, C., DE GEUS, P., STANSSENS, P., LAUWEREYS, M. & CAMBILLAU, C. (1993). Engineering cysteine mutants to obtain crystallographic
phases with a cutinase from Fusarium solani pisi. Protein Engineering 6(2), 157–165.

MATSUMOTO, T., FURUTA, K., TANAKA, T. & KONDO, A. (2016). Sortase A-mediated metabolic enzyme ligation in Escherichia coli. ACS Synthetic
Biology 5(11), 1284–1289.

MATTHIES, D., DALMAS, O., BORGNIA, M. J., DOMINIK, P. K., MERK, A., RAO, P., REDDY, B. G., ISLAM, S., BARTESAGHI, A., PEROZO, E. & SUBRAMANIAM,
S. (2016). Cryo-EM structures of the magnesium channel CorA reveal symmetry break upon gating. Cell 164(4), 747–756.

MAZMANIAN, S. K., LIU, G., TON-THAT, H. & SCHNEEWIND, O. (1999). Staphylococcus aureus sortase, an enzyme that anchors surface proteins to
the cell wall. Science 285(5428), 760–763.

MCFARLAND, J. M. & FRANCIS, M. B. (2005). Reductive alkylation of proteins using iridium catalyzed transfer hydrogenation. Journal of the
American Chemical Society 127(39), 13490–13491.

MCFARLAND, J. M., JOSHI, N. S. & FRANCIS, M. B. (2008). Characterization of a three-component coupling reaction on proteins by isotopic label-
ing and nuclear magnetic resonance spectroscopy. Journal of the American Chemical Society 130(24), 7639–7644.

MCGINTY, R. K. & TAN, S. (2015). Nucleosome structure and function. Chemical Reviews 115(6), 2255–2273.
MCMULLAN, G., CHEN, S., HENDERSON, R. & FARUQI, A. R. (2009). Detective quantum efficiency of electron area detectors in electron microscopy.
Ultramicroscopy 109(9), 1126–1143.

34

https://doi.org/10.1017/S0033583517000051 Published online by Cambridge University Press

https://doi.org/10.1017/S0033583517000051


MEHLER, M., ECKERT, C. E., BUSCHE, A., KULHEI, J., MICHAELIS, J., BECKER-BALDUS, J., WACHTVEITL, J., DOTSCH, V. & GLAUBITZ, C. (2015).
Assembling a correctly folded and functional heptahelical membrane protein by protein trans-splicing. Journal of Biological Chemistry
290(46), 27712–27722.

MEIER, F., ABEYWARDANA, T., DHALL, A., MAROTTA, N. P., VARKEY, J., LANGEN, R., CHATTERJEE, C. & PRATT, M. R. (2012). Semisynthetic,
site-specific ubiquitin modification of alpha-synuclein reveals differential effects on aggregation. Journal of the American Chemical
Society 134(12), 5468–5471.

MERK, A., BARTESAGHI, A., BANERJEE, S., FALCONIERI, V., RAO, P., DAVIS, M. I., PRAGANI, R., BOXER, M. B., EARL, L. A., MILNE, J. L. & SUBRAMANIAM, S.
(2016). Breaking Cryo-EM resolution barriers to facilitate drug discovery. Cell 165(7), 1698–1707.

METANIS, N., BELD, J. & HILVERT, D. (2009). The chemistry of selenocysteine. In PATAI’S Chemistry of Functional Groups. Edited by Rappoport,
Z. John Wiley & Sons, Ltd. doi: 10.1002/9780470682531.pat0582.

MILEO, E., ETIENNE, E., MARTINHO, M., LEBRUN, R., ROUBAUD, V., TORDO, P., GONTERO, B., GUIGLIARELLI, B., MARQUE, S. R. & BELLE, V. (2013).
Enlarging the panoply of site-directed spin labeling electron paramagnetic resonance (SDSL-EPR): sensitive and selective spin-labeling
of tyrosine using an isoindoline-based nitroxide. Bioconjugate Chemistry 24(6), 1110–1117.

MILLES, S., TYAGI, S., BANTERLE, N., KOEHLER, C., VANDELINDER, V., PLASS, T., NEAL, A. P. & LEMKE, E. A. (2012). Click strategies for single-
molecule protein fluorescence. Journal of the American Chemical Society 134(11), 5187–5195.

MINOSHIMA, M. & KIKUCHI, K. (2017). Photostable and photoswitching fluorescent dyes for super-resolution imaging. Journal of Biological
Inorganic Chemistry. doi: 10.1007/s00775-016-1435-y.

MOOTZ, H. D., BLUM, E. S., TYSZKIEWICZ, A. B. & MUIR, T. W. (2003). Conditional protein splicing: a new tool to control protein structure and
function in vitro and in vivo. Journal of the American Chemical Society 125(35), 10561–10569.

MORAN, S. D., WOYS, A. M., BUCHANAN, L. E., BIXBY, E., DECATUR, S. M. & ZANNI, M. T. (2012). Two-dimensional IR spectroscopy and segmental
C-13 labeling reveals the domain structure of human gamma D-crystallin amyloid fibrils. Proceedings of the National Academy of Sciences of
the United States of America 109(9), 3329–3334.

MORGAN, M. T., HAJ-YAHYA, M., RINGEL, A. E., BANDI, P., BRIK, A. & WOLBERGER, C. (2016). Structural basis for histone H2B deubiquitination by
the SAGA DUB module. Science 351(6274), 725–728.

MOYAL, T., HEMANTHA, H. P., SIMAN, P., REFUA, M. & BRIK, A. (2013). Highly efficient one-pot ligation and desulfurization. Chemical Science
4(6), 2496–2501.

MUIR, T.W., SONDHI, D. & COLE, P. A. (1998). Expressed protein ligation: a general method for protein engineering. Proceedings of the National
Academy of Sciences United States of America 95(12), 6705–6710.

MUKAI, T., HAYASHI, A., IRAHA, F., SATO, A., OHTAKE, K., YOKOYAMA, S. & SAKAMOTO, K. (2010a). Codon reassignment in the Escherichia coli
genetic code. Nucleic Acids Research 38(22), 8188–8195.

MUKAI, T., WAKIYAMA, M., SAKAMOTO, K. & YOKOYAMA, S. (2010b). Genetic encoding of non-natural amino acids in Drosophila melanogaster
Schneider 2 cells. Protein Science 19(3), 440–448.

MUNARI, F., SOEROES, S., ZENN, H. M., SCHOMBURG, A., KOST, N., SCHRODER, S., KLINGBERG, R., REZAEI-GHALEH, N., STUTZER, A., GELATO, K. A.,
WALLA, P. J., BECKER, S., SCHWARZER, D., ZIMMERMANN, B., FISCHLE, W. & ZWECKSTETTER, M. (2012). Methylation of lysine 9 in histone H3
directs alternative modes of highly dynamic interaction of heterochromatin protein hHP1beta with the nucleosome. Journal of
Biological Chemistry 287(40), 33756–33765.

MUONA, M., ARANKO, A. S., RAULINAITIS, V. & IWAI, H. (2010). Segmental isotopic labeling of multi-domain and fusion proteins by protein
trans-splicing in vivo and in vitro. Nature Protocols 5(3), 574–587.

MURALIDHARAN, V. & MUIR, T. W. (2006). Protein ligation: an enabling technology for the biophysical analysis of proteins. Nature Methods
3(6), 429–438.

NAIK, M. T., SUREE, N., ILANGOVAN, U., LIEW, C. K., THIEU, W., CAMPBELL, D. O., CLEMENS, J. J., JUNG, M. E. & CLUBB, R. T. (2006). Staphylococcus
aureus Sortase A transpeptidase. Calcium promotes sorting signal binding by altering the mobility and structure of an active site loop.
Journal of Biological Chemistry 281(3), 1817–1826.

NAKAMURA, T., KAWAI, Y., KITAMOTO, N., OSAWA, T. & KATO, Y. (2009). Covalent modification of lysine residues by allyl isothiocyanate in phys-
iological conditions: plausible transformation of isothiocyanate from thiol to amine. Chem Res Toxicol 22(3), 536–542.

NETTLESHIP, J. E., ASSENBERG, R., DIPROSE, J. M., RAHMAN-HUQ, N. & OWENS, R. J. (2010). Recent advances in the production of proteins in insect
and mammalian cells for structural biology. Journal of Structural Biology 172(1), 55–65.

NEUMANN, H., PEAK-CHEW, S. Y. & CHIN, J. W. (2008). Genetically encoding N(epsilon)-acetyllysine in recombinant proteins. Nature Chemical
Biology 4(4), 232–234.

NEUMANN, H., WANG, K., DAVIS, L., GARCIA-ALAI, M. & CHIN, J. W. (2010). Encoding multiple unnatural amino acids via evolution of a
quadruplet-decoding ribosome. Nature 464(7287), 441–444.

NEUMANN-STAUBITZ, P. & NEUMANN, H. (2016). The use of unnatural amino acids to study and engineer protein function. Current Opinion in
Structural Biology 38, 119–128.

NEUTZE, R., BRANDEN, G. & SCHERTLER, G. F. (2015). Membrane protein structural biology using X-ray free electron lasers. Current Opinion in
Structural Biology 33, 115–125.

NGUYEN, D. P., ELLIOTT, T., HOLT, M., MUIR, T. W. & CHIN, J. W. (2011). Genetically encoded 1,2-aminothiols facilitate rapid and site-specific
protein labeling via a bio-orthogonal cyanobenzothiazole condensation. Journal of the American Chemical Society 133(30), 11418–11421.

NGUYEN, D. P., GARCIA ALAI, M. M., VIRDEE, S. & CHIN, J. W. (2010). Genetically directing varepsilon-N, N-dimethyl-L-lysine in recombinant
histones. Chemistry & Biology 17(10), 1072–1076.

35

https://doi.org/10.1017/S0033583517000051 Published online by Cambridge University Press

https://doi.org/10.1017/S0033583517000051


NGUYEN, G. K., KAM, A., LOO, S., JANSSON, A. E., PAN, L. X. & TAM, J. P. (2015). Butelase 1: a versatile ligase for peptide and protein macrocyc-
lization. Journal of the American Chemical Society 137(49), 15398–15401.

NGUYEN, G. K., WANG, S., QIU, Y., HEMU, X., LIAN, Y. & TAM, J. P. (2014). Butelase 1 is an Asx-specific ligase enabling peptide macrocyclization
and synthesis. Nature Chemical Biology 10(9), 732–738.

NIKIC, I. & LEMKE, E. A. (2015). Genetic code expansion enabled site-specific dual-color protein labeling: superresolution microscopy and
beyond. Current Opinion in Chemical Biology 28, 164–173.

NILSSON, B. L., KIESSLING, L. L. & RAINES, R. T. (2000). Staudinger ligation: a peptide from a thioester and azide. Organic Letters 2(13), 1939–1941.
NOGALES, E. (2016). The development of cryo-EM into a mainstream structural biology technique. Nature Methods 13(1), 24–27.
NOREN, C. J., ANTHONY-CAHILL, S. J., GRIFFITH, M. C. & SCHULTZ, P. G. (1989). A general method for site-specific incorporation of unnatural
amino acids into proteins. Science 244(4901), 182–188.

OKAMOTO, R., MANDAL, K., SAWAYA, M. R., KAJIHARA, Y., YEATES, T. O. & KENT, S. B. (2014). (Quasi-)racemic X-ray structures of glycosylated and
non-glycosylated forms of the chemokine Ser-CCL1 prepared by total chemical synthesis. Angewandte Chemie (International edition in
English) 53(20), 5194–5198.

OSTROV, N., LANDON, M., GUELL, M., KUZNETSOV, G., TERAMOTO, J., CERVANTES, N., ZHOU, M., SINGH, K., NAPOLITANO, M. G., MOOSBURNER, M.,
SHROCK, E., PRUITT, B.W., CONWAY, N., GOODMAN, D. B., GARDNER, C. L., TYREE, G., GONZALES, A., WANNER, B. L., NORVILLE, J. E., LAJOIE,
M. J. & CHURCH, G. M. (2016). Design, synthesis, and testing toward a 57-codon genome. Science 353(6301), 819–822.

PAN, M., GAO, S., ZHENG, Y., TAN, X., LAN, H., TAN, X., SUN, D., LU, L., WANG, T., ZHENG, Q., HUANG, Y., WANG, J. & LIU, L. (2016).
Quasi-racemic X-ray structures of K27-linked ubiquitin chains prepared by total chemical synthesis. Journal of the American Chemical
Society 138(23), 7429–7435.

PARK, S. H., WANG, V. S., RADOICIC, J., DE ANGELIS, A. A., BERKAMP, S. & OPELLA, S. J. (2015). Paramagnetic relaxation enhancement of mem-
brane proteins by incorporation of the metal-chelating unnatural amino acid 2-amino-3-(8-hydroxyquinolin-3-yl)propanoic acid (HQA).
Journal of Biomolecular NMR, 61(3–4), 185–196.

PENTELUTE, B. L. & KENT, S. B. H. (2007). Selective desulfurization of cysteine in the presence of Cys(Acm) in polypeptides obtained by native
chemical ligation. Organic Letters 9(4), 687–690.

PERDIOS, L., LOWE, A. R., SALADINO, G., BUNNEY, T. D., THIYAGARAJAN, N., ALEXANDROV, Y., DUNSBY, C., FRENCH, P. M., CHIN, J. W., GERVASIO, F. L.,
TATE, E. W. & KATAN, M. (2017). Conformational transition of FGFR kinase activation revealed by site-specific unnatural amino acid
reporter and single molecule FRET. Science Report 7, 39841.

PERLER, F. B. (2002). InBase: the intein database. Nucleic Acids Research 30(1), 383–384.
PERVUSHIN, K., RIEK, R., WIDER, G. & WUTHRICH, K. (1997). Attenuated T2 relaxation by mutual cancellation of dipole-dipole coupling and
chemical shift anisotropy indicates an avenue to NMR structures of very large biological macromolecules in solution. Proceedings of the
National Academy of Sciences United States of America 94(23), 12366–12371.

PETKOVA, A. T., YAU, W. M. & TYCKO, R. (2006). Experimental constraints on quaternary structure in Alzheimer’s beta-amyloid fibrils.
Biochemistry 45(2), 498–512.

PIETROKOVSKI, S. (2001). Intein spread and extinction in evolution. Trends in Genetics 17(8), 465–472.
PIKE, A. C., GARMAN, E. F., KROJER, T., VON DELFT, F. & CARPENTER, E. P. (2016). An overview of heavy-atom derivatization of protein crystals.
Acta Crystallographica D, Biological Crystallography 72(Pt 3), 303–318.

PLAKS, J. G., FALATACH, R., KASTANTIN, M., BERBERICH, J. A. & KAAR, J. L. (2015). Multisite clickable modification of proteins using lipoic acid
ligase. Bioconjugate Chemistry 26(6), 1104–1112.

PLASCHKA, C., HANTSCHE, M., DIENEMANN, C., BURZINSKI, C., PLITZKO, J. & CRAMER, P. (2016). Transcription initiation complex structures elu-
cidate DNA opening. Nature 533(7603), 353–358.

PLASS, T., MILLES, S., KOEHLER, C., SCHULTZ, C. & LEMKE, E. A. (2011). Genetically encoded copper-free click chemistry. Angewandte Chemie
(International edition in English) 50(17), 3878–3881.

POLICARPO, R. L., KANG, H., LIAO, X., RABIDEAU, A. E., SIMON, M. D. & PENTELUTE, B. L. (2014). Flow-based enzymatic ligation by sortase A.
Angewandte Chemie (International edition in English) 53(35), 9203–9208.

POLLACK, S. J. & SCHULTZ, P. G. (1989). A semisynthetic catalytic antibody. Journal of the American Chemical Society 111(5), 1929–1931.
POPP, M.W. & PLOEGH, H. L. (2011). Making and breaking peptide bonds: protein engineering using sortase. Angewandte Chemie
(International edition in English) 50(22), 5024–5032.

RABANAL, F., DEGRADO, W. F. & DUTTON, P. L. (1996). Use of 2,2′-dithiobis(5-nitropyridine) for the heterodimerization of cysteine containing
peptides. Introduction of the 5-nitro-2-pyridinesulfenyl group. Tetrahedron Letters 37(9), 1347–1350.

RASHIDIAN, M., DOZIER, J. K. & DISTEFANO, M. D. (2013). Enzymatic labeling of proteins: techniques and approaches. Bioconjugate Chemistry 24
(8), 1277–1294.

RATZKE, C., HELLENKAMP, B. & HUGEL, T. (2014). Four-colour FRET reveals directionality in the Hsp90 multicomponent machinery. Nature
Communications 5, 4192.

REDDY, P. S., DERY, S. & METANIS, N. (2016). Chemical synthesis of proteins with non-strategically placed cysteines using selenazolidine and
selective deselenization. Angewandte Chemie (International edition in English) 55(3), 992–995.

RITZEFELD, M. (2014). Sortagging: a robust and efficient chemoenzymatic ligation strategy. Chemistry 20(28), 8516–8529.
ROGERSON, D. T., SACHDEVA, A., WANG, K., HAQ, T., KAZLAUSKAITE, A., HANCOCK, S. M., HUGUENIN-DEZOT, N., MUQIT, M.M., FRY, A. M., BAYLISS,
R. & CHIN, J. W. (2015). Efficient genetic encoding of phosphoserine and its nonhydrolyzable analog. Nature Chemical Biology 11(7),
496–503.

36

https://doi.org/10.1017/S0033583517000051 Published online by Cambridge University Press

https://doi.org/10.1017/S0033583517000051


ROSTOVTSEV, V. V., GREEN, L. G., FOKIN, V. V. & SHARPLESS, K. B. (2002). A stepwise huisgen cycloaddition process: copper(I)-catalyzed regio-
selective ‘ligation’ of azides and terminal alkynes. Angewandte Chemie (International edition in English) 41(14), 2596–2599.

SACHDEVA, A., WANG, K., ELLIOTT, T. & CHIN, J. W. (2014). Concerted, rapid, quantitative, and site-specific dual labeling of proteins. Journal of
the American Chemical Society 136(22), 7785–7788.

SAKAKIBARA, D., SASAKI, A., IKEYA, T., HAMATSU, J., HANASHIMA, T., MISHIMA, M., YOSHIMASU, M., HAYASHI, N., MIKAWA, T., WALCHLI, M., SMITH, B.
O., SHIRAKAWA, M., GUNTERT, P. & ITO, Y. (2009). Protein structure determination in living cells by in-cell NMR spectroscopy. Nature 458
(7234), 102–105.

SAKAMOTO, K., MURAYAMA, K., OKI, K., IRAHA, F., KATO-MURAYAMA, M., TAKAHASHI, M., OHTAKE, K., KOBAYASHI, T., KURAMITSU, S., SHIROUZU, M. &
YOKOYAMA, S. (2009). Genetic encoding of 3-iodo-L-tyrosine in Escherichia coli for single-wavelength anomalous dispersion phasing in pro-
tein crystallography. Structure 17(3), 335–344.

SAXON, E., ARMSTRONG, J. I. & BERTOZZI, C. R. (2000). A ‘traceless’ Staudinger ligation for the chemoselective synthesis of amide bonds. Organic
Letters 2(14), 2141–2143.

SAXON, E. & BERTOZZI, C. R. (2000). Cell surface engineering by a modified Staudinger reaction. Science 287(5460), 2007–2010.
SAYERS, J., THOMPSON, R. E., PERRY, K. J., MALINS, L. R. & PAYNE, R. J. (2015). Thiazolidine-protected beta-thiol asparagine: applications in one-
pot ligation-desulfurization chemistry. Organic Letters 17(19), 4902–4905.

SCHERES, S. H. (2012). A Bayesian view on cryo-EM structure determination. Journal of Molecular Biology 415(2), 406–418.
SCHLICK, T. L., DING, Z., KOVACS, E. W. & FRANCIS, M. B. (2005). Dual-surface modification of the tobacco mosaic virus. Journal of the American
Chemical Society 127(11), 3718–3723.

SCHMIDT, M. J., FEDOSEEV, A., BUCKER, D., BORBAS, J., PETER, C., DRESCHER, M. & SUMMERER, D. (2015). EPR distance measurements in native
proteins with genetically encoded spin labels. ACS Chemical Biology 10(12), 2764–2771.

SCHMIDT, M. J. & SUMMERER, D. (2013). Red-light-controlled protein-RNA crosslinking with a genetically encoded furan. Angewandte Chemie
(International edition in English) 52(17), 4690–4693.

SCHMOHL, L. & SCHWARZER, D. (2014). Sortase-mediated ligations for the site-specific modification of proteins. Current Opinion in Chemical
Biology 22, 122–128.

SCHUBEIS, T., YUAN, P., AHMED, M., NAGARAJ, M., VAN ROSSUM, B. J. & RITTER, C. (2015). Untangling a repetitive amyloid sequence: correlating
biofilm-derived and segmentally labeled curli fimbriae by solid-state NMR spectroscopy. Angewandte Chemie (International edition in
English) 54(49), 14669–14672.

SCHULTZ, K. C., SUPEKOVA, L., RYU, Y., XIE, J., PERERA, R. & SCHULTZ, P. G. (2006). A genetically encoded infrared probe. Journal of the American
Chemical Society 128(43), 13984–13985.

SCHWARTZ, E. C., SAEZ, L., YOUNG, M.W. & MUIR, T. W. (2007). Post-translational enzyme activation in an animal via optimized conditional
protein splicing. Nature Chemical Biology 3(1), 50–54.

SCOTT, C. P., ABEL-SANTOS, E., WALL, M., WAHNON, D. C. & BENKOVIC, S. J. (1999). Production of cyclic peptides and proteins in vivo. Proceedings
of the National Academy of Sciences United States of America 96(24), 13638–13643.

SEIM, K. L., OBERMEYER, A. C. & FRANCIS, M. B. (2011). Oxidative modification of native protein residues using cerium(IV) ammonium nitrate.
Journal of the American Chemical Society 133(42), 16970–16976.

SEITCHIK, J. L., PEELER, J. C., TAYLOR, M. T., BLACKMAN, M. L., RHOADS, T. W., COOLEY, R. B., REFAKIS, C., FOX, J. M. & MEHL, R. A. (2012).
Genetically encoded tetrazine amino acid directs rapid site-specific in vivo bioorthogonal ligation with trans-cyclooctenes. Journal of the
American Chemical Society 134(6), 2898–2901.

SERWA, R., WILKENING, I., DEL SIGNORE, G., MUHLBERG, M., CLAUSSNITZER, I., WEISE, C., GERRITS, M. & HACKENBERGER, C. P. (2009). Chemoselective
Staudinger-phosphite reaction of azides for the phosphorylation of proteins. Angewandte Chemie (International edition in English) 48(44),
8234–8239.

SHAH, L., LAUGHLIN, S. T. & CARRICO, I. S. (2016). Light-activated staudinger-bertozzi ligation within living animals. Journal of the American
Chemical Society 138(16), 5186–5189.

SHAH, N. H., DANN, G. P., VILA-PERELLO, M., LIU, Z. & MUIR, T. W. (2012). Ultrafast protein splicing is common among cyanobacterial split
inteins: implications for protein engineering. Journal of the American Chemical Society 134(28), 11338–11341.

SHAH, N. H., ERYILMAZ, E., COWBURN, D. & MUIR, T. W. (2013). Naturally split inteins assemble through a ‘capture and collapse’ mechanism.
Journal of the American Chemical Society 135(49), 18673–18681.

SHAH, N. H. & MUIR, T. W. (2014). Inteins: nature’s gift to protein chemists. Chemical Science 5(1), 446–461.
SHAH, N. H., VILA-PERELLO, M. & MUIR, T. W. (2011). Kinetic control of one-pot trans-splicing reactions by using a wild-type and designed split
intein. Angewandte Chemie (International edition in English) 50(29), 6511–6515.

SHANG, S. Y., TAN, Z. P., DONG, S. W. & DANISHEFSKY, S. J. (2011). An advance in proline ligation. Journal of the American Chemical Society 133
(28), 10784–10786.

SHARAF, N. G. & GRONENBORN, A. M. (2015). (19)F-modified proteins and (19)F-containing ligands as tools in solution NMR studies of protein
interactions. Methods in Enzymology 565, 67–95.

SHI, J. & MUIR, T.W. (2005). Development of a tandem protein trans-splicing system based on native and engineered split inteins. Journal of
the American Chemical Society 127(17), 6198–6206.

SHIEH, P. & BERTOZZI, C. R. (2014). Design strategies for bioorthogonal smart probes. Organic & Biomolecular Chemistry 12(46), 9307–9320.
SILVAGGI, N. R., MARTIN, L. J., SCHWALBE, H., IMPERIALI, B. & ALLEN, K. N. (2007). Double-lanthanide-binding tags for macromolecular crystal-
lographic structure determination. Journal of the American Chemical Society 129(22), 7114–7120.

37

https://doi.org/10.1017/S0033583517000051 Published online by Cambridge University Press

https://doi.org/10.1017/S0033583517000051


SIMAN, P., KARTHIKEYAN, S. V. & BRIK, A. (2012). Native chemical ligation at glutamine. Organic Letters 14(6), 1520–1523.
SIMON, M. D., CHU, F., RACKI, L. R., DE LA CRUZ, C. C., BURLINGAME, A. L., PANNING, B., NARLIKAR, G. J. & SHOKAT, K. M. (2007). The site-specific
installation of methyl-lysine analogs into recombinant histones. Cell 128(5), 1003–1012.

SKRISOVSKA, L., SCHUBERT, M. & ALLAIN, F. H. (2010). Recent advances in segmental isotope labeling of proteins: NMR applications to large
proteins and glycoproteins. Journal of Biomolecular NMR 46(1), 51–65.

SLAVOFF, S. A., LIU, D. S., COHEN, J. D. & TING, A. Y. (2011). Imaging protein–protein interactions inside living cells via interaction-dependent
fluorophore ligation. Journal of the American Chemical Society 133(49), 19769–19776.

SMITS, A. H., BORRMANN, A., ROOSJEN, M., VAN HEST, J. C. & VERMEULEN, M. (2016). Click-MS: tagless protein enrichment using bioorthogonal
chemistry for quantitative proteomics. ACS Chemical Biology 11(12), 3245–3250.

SONG, F., CHEN, P., SUN, D., WANG, M., DONG, L., LIANG, D., XU, R. M., ZHU, P. & LI, G. (2014). Cryo-EM study of the chromatin fiber reveals a
double helix twisted by tetranucleosomal units. Science 344(6182), 376–380.

SOUTHWORTH, M.W., AMAYA, K., EVANS, T. C., XU, M. Q. & PERLER, F. B. (1999). Purification of proteins fused to either the amino or carboxy
terminus of the Mycobacterium xenopi gyrase A intein. Biotechniques 27(1), 110–114, 116, 118–120.

SPICER, C. D. & DAVIS, B. G. (2014). Selective chemical protein modification. Nature Communications 5, 4740.
SRINIVASAN, G., JAMES, C. M. & KRZYCKI, J. A. (2002). Pyrrolysine encoded by UAG in Archaea: charging of a UAG-decoding specialized tRNA.
Science 296(5572), 1459–1462.

STEPHANOPOULOS, N. & FRANCIS, M. B. (2011). Choosing an effective protein bioconjugation strategy. Nature Chemical Biology 7(12),
876–884.

STEVENS, A. J., BROWN, Z. Z., SHAH, N. H., SEKAR, G., COWBURN, D. & MUIR, T. W. (2016). Design of a split intein with exceptional protein splic-
ing activity. Journal of the American Chemical Society 138(7), 2162–2165.

SUMMERER, D., CHEN, S., WU, N., DEITERS, A., CHIN, J. W. & SCHULTZ, P. G. (2006). A genetically encoded fluorescent amino acid. Proceedings of
the National Academy of Sciences United States of America 103(26), 9785–9789.

SZYMANSKI, W., WU, B., POLONI, C., JANSSEN, D. B. & FERINGA, B. L. (2013). Azobenzene photoswitches for Staudinger-Bertozzi ligation.
Angewandte Chemie (International edition in English) 52(7), 2068–2072.

TAN, Z. P., SHANG, S. Y. & DANISHEFSKY, S. J. (2010). Insights into the finer issues of native chemical ligation: an approach to cascade ligations.
Angewandte Chemie (International edition in English) 49(49), 9500–9503.

TANAKA, K., KITADANI, M. & FUKASE, K. (2011). Target-selective fluorescent ‘switch-on’ protein labeling by 6pi-azaelectrocyclization. Organic &
Biomolecular 9(15), 5346–5349.

TENBOER, J., BASU, S., ZATSEPIN, N., PANDE, K., MILATHIANAKI, D., FRANK, M., HUNTER, M., BOUTET, S., WILLIAMS, G. J., KOGLIN, J. E., OBERTHUER, D.,
HEYMANN, M., KUPITZ, C., CONRAD, C., COE, J., ROY-CHOWDHURY, S., WEIERSTALL, U., JAMES, D., WANG, D., GRANT, T., BARTY, A., YEFANOV, O.,
SCALES, J., GATI, C., SEURING, C., SRAJER, V., HENNING, R., SCHWANDER, P., FROMME, R., OURMAZD, A., MOFFAT, K., VAN THOR, J. J., SPENCE, J. C.,
FROMME, P., CHAPMAN, H. N. & SCHMIDT, M. (2014). Time-resolved serial crystallography captures high-resolution intermediates of photo-
active yellow protein. Science 346(6214), 1242–1246.

TEY, L. H., LOVERIDGE, E. J., SWANWICK, R. S., FLITSCH, S. L. & ALLEMANN, R. K. (2010). Highly site-selective stability increases by glycosylation of
dihydrofolate reductase. FEBS Journal 277(9), 2171–2179.

THEILE, C. S., WITTE, M. D., BLOM, A. E., KUNDRAT, L., PLOEGH, H. L. & GUIMARAES, C. P. (2013). Site-specific N-terminal labeling of proteins
using sortase-mediated reactions. Nature Protocols 8(9), 1800–1807.

THIEL, I. V., VOLKMANN, G., PIETROKOVSKI, S. & MOOTZ, H. D. (2014). An atypical naturally split intein engineered for highly efficient protein
labeling. Angewandte Chemie (International edition in English) 53(5), 1306–1310.

THOMPSON, R. E., CHAN, B., RADOM, L., JOLLIFFE, K. A. & PAYNE, R. J. (2013). Chemoselective peptide ligation-desulfurization at aspartate.
Angewandte Chemie (International edition in English) 52(37), 9723–9727.

THOMPSON, R. E., LIU, X., ALONSO-GARCIA, N., PEREIRA, P. J., JOLLIFFE, K. A. & PAYNE, R. J. (2014). Trifluoroethanethiol: an additive for efficient
one-pot peptide ligation-desulfurization chemistry. Journal of the American Chemical Society 136(23), 8161–8164.

TIAN, F., LU, Y., MANIBUSAN, A., SELLERS, A., TRAN, H., SUN, Y., PHUONG, T., BARNETT, R., HEHLI, B., SONG, F., DEGUZMAN, M. J., ENSARI, S.,
PINKSTAFF, J. K., SULLIVAN, L. M., BIROC, S. L., CHO, H., SCHULTZ, P. G., DIJOSEPH, J., DOUGHER, M., MA, D., DUSHIN, R., LEAL, M.,
TCHISTIAKOVA, L., FEYFANT, E., GERBER, H. P. & SAPRA, P. (2014). A general approach to site-specific antibody drug conjugates.
Proceedings of the National Academy of Sciences United States of America 111(5), 1766–1771.

TILLEY, S. D. & FRANCIS, M. B. (2006). Tyrosine-selective protein alkylation using pi-allylpalladium complexes. Journal of the American
Chemical Society 128(4), 1080–1081.

TOMPA, P. (2012). Intrinsically disordered proteins: a 10-year recap. Trends in Biochemical Sciences 37(12), 509–516.
TON-THAT, H., MAZMANIAN, S. K., FAULL, K. F. & SCHNEEWIND, O. (2000). Anchoring of surface proteins to the cell wall of Staphylococcus aureus.
Sortase catalyzed in vitro transpeptidation reaction using LPXTG peptide and NH(2)-Gly(3) substrates. Journal of Biological Chemistry 275
(13), 9876–9881.

TOPILINA, N. I. & MILLS, K. V. (2014). Recent advances in in vivo applications of intein-mediated protein splicing. Mobile DNA 5(1), 5.
TORBEEV, V. Y. & HILVERT, D. (2013). Both the cis-trans equilibrium and isomerization dynamics of a single proline amide modulate
beta2-microglobulin amyloid assembly. Proceedings of the National Academy of Sciences United States of America 110(50), 20051–20056.

TORBEEV, V. Y., RAGHURAMAN, H., HAMELBERG, D., TONELLI, M., WESTLER, W. M., PEROZO, E. & KENT, S. B. (2011). Protein conformational dynam-
ics in the mechanism of HIV-1 protease catalysis. Proceedings of the National Academy of Sciences United States of America 108(52), 20982–
20987.

38

https://doi.org/10.1017/S0033583517000051 Published online by Cambridge University Press

https://doi.org/10.1017/S0033583517000051


TORNOE, C.W., CHRISTENSEN, C. & MELDAL, M. (2002). Peptidotriazoles on solid phase: [1,2,3]-triazoles by regiospecific copper(i)-catalyzed
1,3-dipolar cycloadditions of terminal alkynes to azides. Journal of Organic Chemistry 67(9), 3057–3064.

TREMBLAY, M. L., XU, L., LEFEVRE, T., SARKER, M., ORRELL, K. E., LECLERC, J., MENG, Q., PEZOLET, M., AUGER, M., LIU, X. Q. & RAINEY, J. K. (2015).
Spider wrapping silk fibre architecture arising from its modular soluble protein precursor. Science Report 5, 11502.

TUGARINOV, V., HWANG, P. M., OLLERENSHAW, J. E. & KAY, L. E. (2003). Cross-correlated relaxation enhanced 1H[bond]13C NMR spectroscopy
of methyl groups in very high molecular weight proteins and protein complexes. Journal of the American Chemical Society 125(34), 10420–
10428.

TYNAN, C. J., LO SCHIAVO, V., ZANETTI-DOMINGUES, L., NEEDHAM, S. R., ROBERTS, S. K., HIRSCH, M., ROLFE, D. J., KOROVESIS, D., CLARKE, D. T. &
MARTIN-FERNANDEZ, M. L. (2016). A tale of the epidermal growth factor receptor: the quest for structural resolution on cells. Methods
95, 86–93.

UTTAMAPINANT, C., TANGPEERACHAIKUL, A., GRECIAN, S., CLARKE, S., SINGH, U., SLADE, P., GEE, K. R. & TING, A. Y. (2012). Fast, cell-compatible
click chemistry with copper-chelating azides for biomolecular labeling. Angewandte Chemie (International edition in English) 51(24),
5852–5856.

UTTAMAPINANT, C., WHITE, K. A., BARUAH, H., THOMPSON, S., FERNANDEZ-SUAREZ, M., PUTHENVEETIL, S. & TING, A. Y. (2010). A fluorophore ligase
for site-specific protein labeling inside living cells. Proceedings of the National Academy of Sciences United States of America 107(24),
10914–10919.

UVERSKY, V. N. (2015). Biophysical methods to investigate intrinsically disordered proteins: avoiding an ‘elephant and blind men’ situation.
Advances in Experimental Medicine and Biology 870, 215–260.

VALIYAVEETIL, F. I., LEONETTI, M., MUIR, T. W. & MACKINNON, R. (2006). Ion selectivity in a semisynthetic K+ channel locked in the conductive
conformation. Science 314(5801), 1004–1007.

VAN KASTEREN, S. I., KRAMER, H. B., JENSEN, H. H., CAMPBELL, S. J., KIRKPATRICK, J., OLDHAM, N. J., ANTHONY, D. C. & DAVIS, B. G. (2007).
Expanding the diversity of chemical protein modification allows post-translational mimicry. Nature 446(7139), 1105–1109.

VAN ‘T HOF, W., HANSENOVA MANASKOVA, S., VEERMAN, E. C. & BOLSCHER, J. G. (2015). Sortase-mediated backbone cyclization of proteins and
peptides. Biological Chemistry 396(4), 283–293.

VAN WILDEREN, L. J., KERN-MICHLER, D., MULLER-WERKMEISTER, H. M. & BREDENBECK, J. (2014). Vibrational dynamics and solvatochromism of
the label SCN in various solvents and hemoglobin by time dependent IR and 2D-IR spectroscopy. PhysChemChemPhys 16(36), 19643–
19653.

VENDITTI, V., FAWZI, N. L. & CLORE, G. M. (2012). An efficient protocol for incorporation of an unnatural amino acid in perdeuterated recom-
binant proteins using glucose-based media. Journal of Biomolecular NMR 52(3), 191–195.

VILA-PERELLO, M., LIU, Z., SHAH, N. H., WILLIS, J. A., IDOYAGA, J. & MUIR, T.W. (2013). Streamlined expressed protein ligation using split inteins.
Journal of the American Chemical Society 135(1), 286–292.

VILA-PERELLO, M. & MUIR, T. W. (2010). Biological applications of protein splicing. Cell 143(2), 191–200.
VINOGRADOVA, E. V., ZHANG, C., SPOKOYNY, A. M., PENTELUTE, B. L. & BUCHWALD, S. L. (2015). Organometallic palladium reagents for cysteine
bioconjugation. Nature 526(7575), 687–691.

VIRDEE, S., KAPADNIS, P. B., ELLIOTT, T., LANG, K., MADRZAK, J., NGUYEN, D. P., RIECHMANN, L. & CHIN, J. W. (2011). Traceless and site-specific
ubiquitination of recombinant proteins. Journal of the American Chemical Society 133(28), 10708–10711.

VIRDEE, S., YE, Y., NGUYEN, D. P., KOMANDER, D. & CHIN, J. W. (2010). Engineered diubiquitin synthesis reveals Lys29-isopeptide specificity of
an OTU deubiquitinase. Nature Chemical Biology 6(10), 750–757.

VOLKMANN, G. & MOOTZ, H. D. (2013). Recent progress in intein research: from mechanism to directed evolution and applications. Cellular
and Molecular Life Science 70(7), 1185–1206.

VON DER ECKEN, J., MULLER, M., LEHMAN, W., MANSTEIN, D. J., PENCZEK, P. A. & RAUNSER, S. (2015). Structure of the F-actin-tropomyosin com-
plex. Nature 519(7541), 114–117.

WAKAMORI, M., FUJII, Y., SUKA, N., SHIROUZU, M., SAKAMOTO, K., UMEHARA, T. & YOKOYAMA, S. (2015). Intra- and inter-nucleosomal interactions
of the histone H4 tail revealed with a human nucleosome core particle with genetically-incorporated H4 tetra-acetylation. Science Report 5,
17204.

WALPER, S. A., TURNER, K. B. & MEDINTZ, I. L. (2015). Enzymatic bioconjugation of nanoparticles: developing specificity and control. Current
Opinion Biotechnology 34, 232–241.

WAN, Q. & DANISHEFSKY, S. J. (2007). Free-radical-based, specific desulfurization of cysteine: a powerful advance in the synthesis of polypep-
tides and glycopolypeptides. Angewandte Chemie (International edition in English) 46(48), 9248–9252.

WAN, W., HUANG, Y., WANG, Z., RUSSELL, W. K., PAI, P. J., RUSSELL, D. H. & LIU, W. R. (2010). A facile system for genetic incorporation of two
different noncanonical amino acids into one protein in Escherichia coli. Angewandte Chemie (International edition in English) 49(18),
3211–3214.

WANG, K., FREDENS, J., BRUNNER, S. F., KIM, S. H., CHIA, T. & CHIN, J. W. (2016). Defining synonymous codon compression schemes by genome
recoding. Nature 539(7627), 59–64.

WANG, K., SACHDEVA, A., COX, D. J., WILF, N. M., LANG, K., WALLACE, S., MEHL, R. A. & CHIN, J. W. (2014a). Optimized orthogonal translation of
unnatural amino acids enables spontaneous protein double-labelling and FRET. Nature Chemistry 6(5), 393–403.

WANG, L., BROCK, A., HERBERICH, B. & SCHULTZ, P. G. (2001). Expanding the genetic code of Escherichia coli. Science 292(5516), 498–500.
WANG, S., MUNRO, R. A., SHI, L., KAWAMURA, I., OKITSU, T., WADA, A., KIM, S. Y., JUNG, K. H., BROWN, L. S. & LADIZHANSKY, V. (2013). Solid-state
NMR spectroscopy structure determination of a lipid-embedded heptahelical membrane protein. Nature Methods 10(10), 1007–1012.

39

https://doi.org/10.1017/S0033583517000051 Published online by Cambridge University Press

https://doi.org/10.1017/S0033583517000051


WANG, Y., KAVRAN, J. M., CHEN, Z., KARUKURICHI, K. R., LEAHY, D. J. & COLE, P. A. (2014b). Regulation of S-adenosylhomocysteine hydrolase by
lysine acetylation. Journal of Biological Chemistry 289(45), 31361–31372.

WANG, Z. A., ZENG, Y., KURRA, Y., WANG, X., THARP, J. M., VATANSEVER, E. C., HSU, W.W., DAI, S., FANG, X. & LIU, W. R. (2017). A genetically
encoded allysine for the synthesis of proteins with site-specific lysine dimethylation. Angewandte Chemie (International edition in English)
56(1), 212–216.

WARDEN-ROTHMAN, R., CATUREGLI, I., POPIK, V. & TSOURKAS, A. (2013). Sortase-tag expressed protein ligation: combining protein purification
and site-specific bioconjugation into a single step. Analytical Chemistry 85(22), 11090–11097.

WASMER, C., LANGE, A., VAN MELCKEBEKE, H., SIEMER, A. B., RIEK, R. & MEIER, B. H. (2008). Amyloid fibrils of the HET-s(218–289) prion form a
beta solenoid with a triangular hydrophobic core. Science 319(5869), 1523–1526.

WILLIAMS, F. P., MILBRADT, A. G., EMBREY, K. J. & BOBBY, R. (2016). Segmental isotope labelling of an individual bromodomain of a tandem
domain BRD4 using sortase A. PLoS ONE 11(4), e0154607.

WILLIAMSON, D. J., WEBB, M. E. & TURNBULL, W. B. (2014). Depsipeptide substrates for sortase-mediated N-terminal protein ligation. Nature
Protocols 9(2), 253–262.

WILLIAMSON, M. P., HAVEL, T. F. & WUTHRICH, K. (1985). Solution conformation of proteinase inhibitor IIA from bull seminal plasma by 1H
nuclear magnetic resonance and distance geometry. Journal of Molecular Biology 182(2), 295–315.

WINKELMAN, J. T., VVEDENSKAYA, I. O., ZHANG, Y., ZHANG, Y., BIRD, J. G., TAYLOR, D. M., GOURSE, R. L., EBRIGHT, R. H. & NICKELS, B. E. (2016).
Multiplexed protein-DNA cross-linking: scrunching in transcription start site selection. Science 351(6277), 1090–1093.

WISSNER, R. F., BATJARGAL, S., FADZEN, C. M. & PETERSSON, E. J. (2013). Labeling proteins with fluorophore/thioamide Forster resonant energy
transfer pairs by combining unnatural amino acid mutagenesis and native chemical ligation. Journal of the American Chemical Society 135
(17), 6529–6540.

WITTE, M. D., CRAGNOLINI, J. J., DOUGAN, S. K., YODER, N. C., POPP, M.W. & PLOEGH, H. L. (2012). Preparation of unnatural N-to-N and C-to-C
protein fusions. Proceedings of the National Academy of Sciences United States of America 109(30), 11993–11998.

WOOD, D.W. & CAMARERO, J. A. (2014). Intein applications: from protein purification and labeling to metabolic control methods. Journal of
Biological Chemistry 289(21), 14512–14519.

WRIGHT, T. H., BOWER, B. J., CHALKER, J. M., BERNARDES, G. J., WIEWIORA, R., NG, W. L., RAJ, R., FAULKNER, S., VALLEE, M. R., PHANUMARTWIWATH,
A., COLEMAN, O. D., THEZENAS, M. L., KHAN, M., GALAN, S. R., LERCHER, L., SCHOMBS, M.W., GERSTBERGER, S., PALM-ESPLING, M. E., BALDWIN, A.
J., KESSLER, B. M., CLARIDGE, T. D., MOHAMMED, S. & DAVIS, B. G. (2016). Posttranslational mutagenesis: a chemical strategy for exploring
protein side-chain diversity. Science, 354(6312).

WU, H., HU, Z. & LIU, X. Q. (1998). Protein trans-splicing by a split intein encoded in a split DnaE gene of Synechocystis sp. PCC6803.
Proceedings of the National Academy of Sciences United States of America 95(16), 9226–9231.

WU, P., SHUI, W., CARLSON, B. L., HU, N., RABUKA, D., LEE, J. & BERTOZZI, C. R. (2009). Site-specific chemical modification of recombinant pro-
teins produced in mammalian cells by using the genetically encoded aldehyde tag. Proceedings of the National Academy of Sciences United
States of America 106(9), 3000–3005.

WUETHRICH, I., PEETERS, J. G., BLOM, A. E., THEILE, C. S., LI, Z., SPOONER, E., PLOEGH, H. L. & GUIMARAES, C. P. (2014). Site-specific chemoenzy-
matic labeling of aerolysin enables the identification of new aerolysin receptors. PLoS ONE 9(10), e109883.

WUKOVITZ, S. W. & YEATES, T. O. (1995). Why protein crystals favour some space-groups over others. Nature Structural Biology 2(12), 1062–
1067.

XIAO, H., CHATTERJEE, A., CHOI, S. H., BAJJURI, K. M., SINHA, S. C. & SCHULTZ, P. G. (2013). Genetic incorporation of multiple unnatural amino
acids into proteins in mammalian cells. Angewandte Chemie (International edition in English) 52(52), 14080–14083.

XIE, J., WANG, L., WU, N., BROCK, A., SPRAGGON, G. & SCHULTZ, P. G. (2004). The site-specific incorporation of p-iodo-L-phenylalanine into
proteins for structure determination. Nature Biotechnology 22(10), 1297–1301.

XIE, R., DONG, L., HUANG, R., HONG, S., LEI, R. & CHEN, X. (2014). Targeted imaging and proteomic analysis of tumor-associated glycans in
living animals. Angewandte Chemie (International edition in English) 53(51), 14082–14086.

XU, R., AYERS, B., COWBURN, D. & MUIR, T. W. (1999). Chemical ligation of folded recombinant proteins: segmental isotopic labeling of
domains for NMR studies. Proceedings of the National Academy of Sciences United States of America 96(2), 388–393.

YAMAMURA, Y., HIRAKAWA, H., YAMAGUCHI, S. & NAGAMUNE, T. (2011). Enhancement of sortase A-mediated protein ligation by inducing a beta-
hairpin structure around the ligation site. Chemical Communications (Cambridge) 47(16), 4742–4744.

YAMAZAKI, T., OTOMO, T., ODA, N., KYOGOKU, Y., UEGAKI, K., ITO, N., ISHINO, Y. & NAKAMURA, H. (1998). Segmental isotope labeling for protein
NMR using peptide splicing. Journal of the American Chemical Society 120(22), 5591–5592.

YAN, L. Z. & DAWSON, P. E. (2001). Synthesis of peptides and proteins without cysteine residues by native chemical ligation combined with
desulfurization. Journal of the American Chemical Society 123(4), 526–533.

YANG, A., HA, S., AHN, J., KIM, R., KIM, S., LEE, Y., KIM, J., SOLL, D., LEE, H. Y. & PARK, H. S. (2016). A chemical biology route to site-specific
authentic protein modifications. Science 354(6312), 623–626.

YANG, F., YU, X., LIU, C., QU, C. X., GONG, Z., LIU, H. D., LI, F. H., WANG, H. M., HE, D. F., YI, F., SONG, C., TIAN, C. L., XIAO, K. H., WANG, J. Y. &
SUN, J. P. (2015). Phospho-selective mechanisms of arrestin conformations and functions revealed by unnatural amino acid incorporation
and (19)F-NMR. Nature Communications 6, 8202.

YANG, R., WONG, Y. H., NGUYEN, G. K., TAM, J. P., LESCAR, J. & WU, B. (2017). Engineering a catalytically efficient recombinant protein ligase.
Journal of the American Chemical Society. doi: 10.1021/jacs.1026b12637.

40

https://doi.org/10.1017/S0033583517000051 Published online by Cambridge University Press

https://doi.org/10.1017/S0033583517000051


YANG, R. L., PASUNOOTI, K. K., LI, F. P., LIU, X. W. & LIU, C. F. (2009). Dual native chemical ligation at lysine. Journal of the American Chemical
Society 131(38), 13592.

YANG, W., HENDRICKSON, W. A., CROUCH, R. J. & SATOW, Y. (1990). Structure of ribonuclease H phased at 2 A resolution by MAD analysis of the
selenomethionyl protein. Science 249(4975), 1398–1405.

YE, S., ZAITSEVA, E., CALTABIANO, G., SCHERTLER, G. F., SAKMAR, T. P., DEUPI, X. & VOGEL, R. (2010). Tracking G-protein-coupled receptor acti-
vation using genetically encoded infrared probes. Nature 464(7293), 1386–1389.

YEATES, T. O. & KENT, S. B. (2012). Racemic protein crystallography. Annual Review of Biophysics 41, 41–61.
YEUNG, H., SQUIRE, C. J., YOSAATMADJA, Y., PANJIKAR, S., LOPEZ, G., MOLINA, A., BAKER, E. N., HARRIS, P. W. & BRIMBLE, M. A. (2016). Radiation
damage and racemic protein crystallography reveal the unique structure of the GASA/Snakin Protein Superfamily. Angewandte Chemie
(International edition in English) 55(28), 7930–7933.

YOSHIZAWA, S. & BOCK, A. (2009). The many levels of control on bacterial selenoprotein synthesis. Biochimica et Biophysica Acta 1790(11),
1404–1414.

YOUNG, T. S., AHMAD, I., YIN, J. A. & SCHULTZ, P. G. (2010). An enhanced system for unnatural amino acid mutagenesis in E. coli. Journal of
Molecular Biology 395(2), 361–374.

YU, J. X., HALLAC, R. R., CHIGURU, S. & MASON, R. P. (2013). New frontiers and developing applications in 19F NMR. Progress in Nuclear
Magnetic Resonance Spectroscopy 70, 25–49.

ZETTLER, J., SCHUTZ, V. & MOOTZ, H. D. (2009). The naturally split Npu DnaE intein exhibits an extraordinarily high rate in the protein trans-
splicing reaction. FEBS Letters 583(5), 909–914.

ZHANG, C., WELBORN, M., ZHU, T., YANG, N. J., SANTOS, M. S., VAN VOORHIS, T. & PENTELUTE, B. L. (2016a). Pi-Clamp-mediated cysteine con-
jugation. Nature Chemistry 8(2), 120–128.

ZHANG, M., LIN, S., SONG, X., LIU, J., FU, Y., GE, X., FU, X., CHANG, Z. & CHEN, P. R. (2011). A genetically incorporated crosslinker reveals chap-
erone cooperation in acid resistance. Nature Chemical Biology 7(10), 671–677.

ZHANG, T. Q. O., GRECHKO, M., MORAN, S. D. & ZANNI, M. T. (2016b). Isotope-Labeled Amyloids via Synthesis, Expression, and Chemical
Ligation for Use in FTIR, 2D IR, and NMR Studies. Protein Amyloid Aggregation: Methods and Protocols 1345, 21–41.

ZHENG, Y., LEWIS, Jr., T. L., IGO, P., POLLEUX, F. & CHATTERJEE, A. (2017). Virus-enabled optimization and delivery of the genetic machinery for
efficient unnatural amino acid mutagenesis in mammalian cells and tissues. ACS Synthetic Biology 6(1), 13–18.

ZUGER, S. & IWAI, H. (2005). Intein-based biosynthetic incorporation of unlabeled protein tags into isotopically labeled proteins for NMR stud-
ies. Nature Biotechnology 23(6), 736–740.

ZUO, C., TANG, S. & ZHENG, J. S. (2015). Chemical synthesis and biophysical applications of membrane proteins. Journal of Peptide Science 21
(7), 540–549.

41

https://doi.org/10.1017/S0033583517000051 Published online by Cambridge University Press

https://doi.org/10.1017/S0033583517000051

	A molecular engineering toolbox for the structural biologist
	Introduction
	Advances and challenges in structural biology
	X-ray crystallography
	Cryo-EM
	NMR spectroscopy

	Molecular engineering toolbox for complex biological samples
	Cysteine chemistry
	Chemical modification of other amino acids
	Native chemical ligation
	Inteins
	The intein splicing mechanism
	Applications in protein engineering
	Toward fast and promiscuous inteins

	Sortases
	Genetic code expansion
	Amber codon suppression in living cells
	The amber suppression toolbox
	Limitations and future directions

	Chemical modification of unnatural amino acids
	Enzymatic bioconjugation approaches

	Protein engineering approaches for tackling outstanding challenges in structural biology
	X-ray crystallography
	Nuclear magnetic resonance
	Segmental isotopic labeling
	Site-specific incorporation of magnetic resonance probes

	Studies of dynamic interactions
	Incorporation of optical probes
	Incorporation of vibrational probes


	Outlook
	Acknowledgements
	References


