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Abstract | Designer amino acids, beyond the canonical 20 that are normally used by cells, can
now be site-specifically encoded into proteins in cells and organisms. This is achieved using
‘orthogonal’ aminoacyl-tRNA synthetase—tRNA pairs that direct amino acid incorporation

in response to an amber stop codon (UAG) placed in a gene of interest. Using this approach,
itis now possible to study biology in vitro and in vivo with an increased level of molecular
precision. This has allowed new biological insights into protein conformational changes,
protein interactions, elementary processes in signal transduction and the role of

post-translational modifications.

In the past few years, the ability to incorporate unnatu-
ral amino acids into proteins at defined sites has begun
to have a direct impact on the ability of scientists to
study biological processes that are difficult or impos-
sible to address by more classical methods. One of the
most powerful approaches for incorporating unnatural
amino acids site-specifically into proteins expressed in
cells is genetic code expansion. In this approach, an
aminoacyl-tRNA synthetase and a tRNA are used to
specifically insert the unnatural amino acid during
mRNA translation, in response to an amber stop codon
(UAG) placed at a user-defined site in a gene of inter-
est (FIC. 1a). Another robust, and often complementary,
approach for site-specifically incorporating unnatu-
ral amino acids into recombinant proteins is native
chemical ligation (BOX 1). Unnatural amino acids can
also be incorporated non-specifically throughout the
proteome by an approach known as selective pressure
incorporation'. However, this leads to a proteome bear-
ing unnatural amino acids in the place of every occur-
rence of a particular natural amino acid, rather than the
quantitative installation of an unnatural amino acid at
a defined site in a protein that is achieved by genetic
code expansion.

Methodological advances in genetic code expan-
sion now allow the site-specific incorporation of
unnatural amino acids into proteins in bacteria,
yeast, mammalian cells and Caenorhabditis elegans®”’.
These advances have been rapidly translated into
new insights in diverse areas of biology. Encoded
photocrosslinkers have allowed interactions that are
weak, transient, or pH sensitive to be determined and
assigned to distinct functional states in vivo, especially

in membranes. The incorporation of post-translational
modifications has allowed the synthesis of homo-
genously and site-specifically modified proteins in
cases in which the modifying enzymes cannot be used
or in which the modification has been identified by
mass spectrometry but its regulators are unknown. In
several cases, this has revealed the function of these
modifications and/or the enzymes that regulate them.
The ability to incorporate photocaged amino acids
allows a specific function of a protein to be activated in
cells with a pulse of light, forming the basis of ‘photo-
chemical genetic’ strategies for time-resolved studies
of signalling and transport processes. The ability to
incorporate biophysical probes — for example, ones
that show altered infrared spectra in response to a pro-
tein conformational change — is also providing exqui-
site time-resolved insight into how proteins respond to
stimuli. These methods for incorporating unnatural
amino acids have been combined with imaging, single-
molecule studies, biophysical approaches, structural
biology and mass spectrometry to provide a powerful
new set of approaches for studying biology.

In this Review, we describe the basis of methods for
site-specifically incorporating unnatural amino acids
into proteins and we summarize the range of amino
acids that can be incorporated and their diverse appli-
cations in cell biology. We highlight key examples
in which the methods have been applied to address
a particular biological question and have provided
previously unattainable insight. For the distinct appli-
cations of other incorporation techniques, such as
selective pressure incorporation, readers are referred
to another review'.
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Figure 1| Expanding the genetic code. a | To incorporate an unnatural amino acid into a
protein, the amino acid is normally added to the cell growth medium and is then taken up
by the cell. It is specifically recognized by an ‘orthogonal’ aminoacyl-tRNA synthetase and
attached to the orthogonal amber suppressor tRNA, which is decoded on the ribosome
during translation in response to an introduced amber codon (UAG), allowing its
incorporation into the peptide that otherwise consists of natural amino acids. b | Orthogonal
synthetase tRNA pairs are generated in two steps: import of a heterologous
aminoacyl-tRNA synthetase~tRNA pair into a host containing a set of natural synthetases
that use natural amino acids; and the subsequent selection of a mutated active site in the
orthogonal synthetase that recognizes an unnatural amino acid. ¢ | To generate a synthetase
with this altered specificity, a large library of active-site variants of the synthetase is subject
to positive selection for activity with either natural or unnatural amino acids, by virtue of
their ability to suppress an introduced stop codon and so allow complete translation of
agene that is essential for survival. The synthetases that use natural amino acids are
subsequently removed by a negative-selection step, in which they use natural amino acids
to suppress a stop codon introduced in a toxic gene, which leads to cell death. d | The
pyrrolysyl-tRNA synthetase (PylRS)-tRNA pair is orthogonal and can be used in both
bacteria and eukaryotic cells. By contrast, Methanococcus jannaschii Tyrosyl-tRNA
synthetase (MjTyrRS)-tRNA is orthogonal only in bacteria and Escherichia coli Tyrosyl-tRNA
synthetase (EcTyrRS)-tRNA is orthogonal only in eukaryotic cells; the dashed arrows
connect synthetase—tRNA pairs to organisms in which they cannot be used for genetic code
expansion because they cross-react with endogenous synthetases or tRNAs.
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Expanding the genetic code

During translation, each codon in an mRNA is recog-
nized by a specific tRNA anticodon that is aminoacylated
with the appropriate amino acid by the enzymatic
action of an aminoacyl tRNA synthetase. As the ribo-
some moves along the mRNA, a chain of amino acids
is formed until a stop codon, which is not recognized
by any tRNA, is encountered, allowing peptide release.
Genetic code expansion uses an ‘orthogonal’ aminoacyl
tRNA synthetase-tRNA pair (that is, a synthetase that
does not aminoacylate the normal tRNA range of a cell
and a tRNA that is not a substrate for the normal syn-
thetase range of the cell) to direct the incorporation of an
unnatural amino acid in response to an amber stop codon
in a gene of interest**. The unnatural amino acid is gener-
ally added to the medium in which the cells are grown.
As the set of endogenous tRNAs and synthetases are
distinct in different cells and organisms, synthetases and
tRNAs are defined as orthogonal (or not) with respect to
particular hosts.

A two-step procedure is now well established by
which orthogonal synthetase-tRNA pairs for incorpo-
rating unnatural amino acids can be isolated (FIG. 1b,c).
In the first step, a synthetase—tRNA pair is selected from
an organism that is evolutionarily divergent from the
host of interest. When expressed in the host of interest,
the orthogonal synthetase and tRNA should not cross-
react with the host synthetases and tRNAs because their
sequences and structures have diverged through natural
evolutionary processes. They do, in general, still recog-
nize a natural amino acid in the host cell; so, a second
step is required to alter the specificity of the synthetase
enzyme so that it exclusively recognizes an unnatural
amino acid and not natural amino acids. This can be
achieved by a two-step genetic selection in which large
libraries of mutations in the synthetase active site are
created and then variant synthetases that uniquely use
the unnatural amino acid are selected>*’.

Nearly all genetic code expansion approaches use one
of four synthetase—-tRNA pairs, each of which can be
used in particular model organisms. The Methanococcus
jannaschii Tyrosyl-tRNA synthetase (MjTyrRS)-
tRNA , pair was the first pair to be used to incorporate
unnatural amino acids, and it is orthogonal to the syn-
thetases and tRNAs in Escherichia coli but not to those
in eukaryotic cells®. The E. coli Tyrosyl-tRNA synthetase
(EcTyrRS)-tRNA_ , and E. coli Leucyl-tRNA syn-
thetase (EcLeuRS)-tRNA _ , pairs are orthogonal to the
synthetases and tRNAs in yeast and mammalian cells
but not to those in bacteria®". And the pyrrolysyl-tRNA
synthetase (PylRS)-tRNA _ , pair from Methanosarcina
species is orthogonal to synthetases and tRNAs in E. coli,
yeast, mammalian cells and C. elegans*®"" (FIC. 1d). The
PyIRS—tRNA_ , pair has two advantages over the other
pairs. First, this synthetase does not use one of the
20 canonical amino acids and there is, therefore, no need
to destroy the natural synthetase activity before creating
specificity for a new amino acid. Indeed, several useful
unnatural amino acids can now be specifically incor-
porated using the unmodified PyIRS enzyme. Second,
whereas the use of other synthetase-tRNA pairs for
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Box 1| Chemical ligation
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Chemical ligation approaches can be used to assemble modified proteins from
unprotected polypeptide fragments, and can also be used to generate ubiquitylated
proteins and peptides. These approaches are complementary to genetic code
expansion for the synthesis of recombinant proteins bearing site-specific modification.
Reviews of this method have been published elsewhere!#!*2,

Native chemical ligation uses S-to-N acyl shift chemistry for peptide bond formation
(see the figure, part a). This occurs through the reaction of a thioester with a 1,2-amino
thiol. The initial product that is formed can subsequently be desulphurized. A protein
can also be assembled by native chemical ligation of two fragments: one containing a
carboxy-terminal thioester (which may be generated by protein expression and intein
fusion thiolysis) and another bearing an amino-terminal 1,2-amino thiol, as found on
Cys (see the figure, part b). This allows the introduction of multiple modifications into
the N-terminal portion via solid phase peptide synthesis (SPPS). The ligation of multiple

TAP tagging

(Tandem affinity purification
tagging). A process in which a
protein is carboxy-terminally
tagged with a peptide
containing a calmodulin-binding
peptide, a TEV protease
cleavage site and protein A.
The protein is first purified
using Immunoglobulin G-coated
beads that bind protein A.

The protein fusion is then
cleaved from the gene of
interest by the TEV protease
and purified.

Chaperones

Proteins that assist other
macromolecules in folding
and/or unfolding and assembly
and/or disassembly.

fragments is possible. Following ligation, the Cys may be desulphurized to yield Ala.
Using 8-thiol Lys (or other Lys derivatives) and ubiquitin (Ub) it is possible to generate
site-specifically ubiquitylated proteins (see the figure, part c). This was first
demonstrated on synthetic peptides®”***, but it is now possible to also genetically
encode §-thiol-Lys derivatives*, allowing the ubiquitylation of recombinant proteins
that are larger than those accessible by SPPS.

incorporating unnatural amino acids is limited to cells
from particular organisms, PyIRS variants that recog-
nize new amino acids can be selected in E. coli, in which
selections are the most straightforward, and then used to
incorporate unnatural amino acids in yeast, mammalian
cells and C. elegans**'".

Mapping protein interactions

A challenge in almost any biological process is to
understand how proteins interact, and this can be par-
ticularly difficult when interactions are transient, weak
or at particular subcellular locations. The site-specific
incorporation of amino acids that crosslink with nearby
molecules in response to light, including benzophenones
(such as p-benzoyl-L-phenylalanine, (Bpa))*’, azido
derivatives of Phe*'? and diazirines'*~*¢, provide power-
ful tools to gain information about the interactions of a
specific protein with other molecules both in vitro and
in vivo. In a typical experiment, the unnatural amino acid
that contains a photocrosslinker is genetically installed at
asingle site in a protein and the protein is then irradiated
with ultraviolet (UV) light in the presence of potential

binding partners. Binding partners in proximity to the
photocrosslinker become covalently trapped, allowing
the subsequent identification of factors that interact with
this protein.

Site-specific photocrosslinking has been used to gain
information on protein interactions that are difficult to
study by other methods, particularly for proteins in mem-
branes'”*' and weak, transient or pH-dependent inter-
actions that may be systematically lost in non-covalent
methods such as TAP tagging (tandem affinity purification
tagging). Crosslinking using genetically encoded Bpa
has been used to: define the interactions of chaperones,
including trigger factor?>?, ClpB**** and GroEL?*, with
substrates; identify protein interactions that are impor-
tant in cell cycle regulation”; define conformational
changes in RNA polymerases®; and determine the inter-
actions and topology of large transcriptional initiation
complexes in vitro and in vivo™*. It has also been used
to define protein interactions at the inner?*?! and outer
membrane' of E. coli, the mitochondrial*! and endo-
plasmic reticulum (ER) membranes in yeast®, and the
plasma membrane in mammalian cells®.

In vivo photocrosslinking of membrane proteins. A
study examining the interaction of the bacterial SecY-
SecE-SecG (SecYEG) translocon with SecA in vivo
exemplifies how new biological information about
dynamic protein interactions of macromolecular com-
plexes may be obtained using genetically encoded site-
specific photocrosslinkers®. SecYEG (the eukaryotic
homologue of which is SEC61a-SEC61B-SEC61Yy) is a
channel-like transmembrane complex that mediates both
the co-translational integration of proteins at the E. coli
inner membrane and the SecA- and SecB-dependent
post-translational translocation of periplasmic and
outer membrane proteins. Several aspects of SecA-
mediated translocation have been unclear, including
where the binding interface between SecA and SecYEG
is and how binding of SecA to SecYEG changes during
the SecA ATPase cycle to drive protein translocation.
Introduction of the photocrosslinker Bpa at specific sites
in SecY, a central component of SecYEG, has allowed
these questions to be addressed (FIC. 2a).

To investigate the interface between SecY and SecA,
53 different amino acid positions across the six cytoplas-
mic domains (C1-C6) of SecY tagged with His ~-MYC
were mutated to Bpa by creating the corresponding
amber mutants in a secY gene. By irradiating the mutant
cells to induce crosslinking and then purifying SecY-
His ~MYC complexes and western blotting with anti-
bodies against SecA, it was possible to identify the sites
of SecY crosslinking to SecA. This approach demon-
strated that SecA interacts with C2, C4, C5 and C6 of
SecY in SecYEG, which is consistent with a subsequent
crystal structure™ (FIC. 2b).

This approach also provided insights into the confor-
mational changes that take place during SecA-mediated
ATP hydrolysis and pre-protein translocation. In this case,
crosslinking was carried out in the presence or absence
of sodium azide, which arrests SecA ATPase activity
and stabilizes SecA in the ‘membrane-inserted’ state.
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Figure 2 | Invivo photocrosslinking of membrane proteins and study of protein interactions. The molecular
surfaces involved in the interaction between SecA and the SecY component of the SecY-SecE-SecG (SecYEG) translocon
at the inner membrane in Escherichia coli can be revealed via in vivo protein crosslinking with genetically encoded
p-benzoyl-L-phenylalanine (Bpa). a | To analyse the basis of the interaction between SecA and SecY, Bpa was introduced
at 53 positions in the cytoplasmic loops of SecY. The protein was then crosslinked in vivo, forming covalent adducts with
SecA. Covalently linked SecA-SecY complexes can then be isolated through cell lysis, and the complexes can be detected
by SDS-PAGE and western blot analysis with antibodies against SecA. b | The crystal structure of SecA-SecYEG complex
from Thermotoga maritima (Protein Databank ID: BDIN®) allows a homology model of the E. coli complex to be built (note
that SecE and SecG are omitted here). The residues where in vivo crosslinking has been observed are shown in magenta,

and all lie at the SecA-SecY interface. UV, ultraviolet light.

The presence of sodium azide increased crosslinking effi-
ciency for residues within C6 of SecY but had little effect
on crosslinking to other regions. Further photocrosslink-
ing experiments were carried out in vitro on inverted
membrane vesicles, and showed that photocrosslinking
of SecA to C6 of SecY, but not to C5, depended on the
presence of both ATP and a translocation substrate pro-
tein, outer membrane protein A precursor (proOmpA).
These experiments suggest that C5 of SecY in SecYEG
constitutively interacts with SecA but that C6 of SecY
engages with SecA only when a protein substrate is
being actively translocated. Further crosslinking experi-
ments using truncated forms of SecA suggested that its
amino-terminal region is sufficient to mediate the con-
stitutive interaction with C5 of SecY. Thus, this example
illustrates how the Bpa photocrosslinker can be used to
determine the regions of contact between a membrane
protein and its interacting partner, as well as how these
interactions are affected by the functional state of its
interacting partner.

Installing post-translational modifications

Post-translational modifications of proteins can dynami-
cally alter their molecular function, localization and
stability, and they regulate almost all aspects of biology.
There is extensive crosstalk between modifications,
making it challenging to address the function of any
particular modification by genetic approaches. Mass
spectrometry-based approaches have made spectacular
progress in defining the modified proteome™ but provide

little information about how modifications alter protein
structure, function or activity. Moreover, the identifica-
tion of modification sites using these approaches does
not provide any information about the enzymes that
add or remove the modifications, making it challeng-
ing to understand the relationship between an observed
modification and its biological function.

It can be difficult to produce homogeneously and
site-specifically modified proteins on which to perform
biochemistry, enzymology or structural biology and
thereby assess the role of post-translational modifica-
tions. For example, the enzymes that carry out the modi-
fication in vivo may be unknown or may not modify the
protein site specifically or completely in vitro. Genetic
code expansion methods have been reported for intro-
ducing Tyr nitration®, Tyr sulphation®, analogues
of phosphorylated Tyr**¥, phosphorylated Ser*, Lys
monomethylation and dimethylation*-*, Lys acetyla-
tion® and Lys ubiquitylation*** into recombinant pro-
teins, and these approaches are beginning to help define
the function and regulation of several post-translational
modifications.

Installing phosphorylation, sulphation and nitration.
Protein phosphorylation on Ser, Thr and Tyr residues,
which is promoted by protein kinases and removed
by phosphatases, is perhaps the most well-studied
post-translational modification. Several analogues
that mimic Tyr phosphorylation have been intro-
duced into proteins using genetic code expansion®*.
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Elongation factor-Tu

(EF-Tu). A protein that binds
to aminoacylated tRNAs and
delivers them to the ribosome
for protein synthesis.

Nucleosome

A unit of DNA packaging in
eukaryotes in which a length
of DNA is wrapped around an
octamer of histone proteins.

SWI/SNF

(Switch/sucrose
nonfermentable). An
ATP-dependent multiprotein
nucleosome-remodelling
complex that is found in yeast.

RSC

(Remodels the structure of
chromatin). An ATP-dependent
multiprotein nucleosome-
remodelling complex.

For example, a carboxylic acid derivative of Tyr that
can be incorporated into proteins in E. coli may mimic
some features of phosphorylation®. A clever strategy
for converting p-azido Phe, which can be incorporated
into proteins in bacteria and eukaryotic cells, to the
phosphoamidate analogue of phosphorylated Tyr has
also been reported®. Phosphorylated Ser has also been
incorporated into proteins, albeit with low efficiency;
this is achieved by importing an archeal synthetase and
tRNA pair (in which the synthetase naturally amino-
acylates the tRNA with phosphoserine as an inter-
mediate to Cysteinyl-tRNA) and introducing alterations
to elongation factor-Tu (EF-Tu) so that it accepts the
tRNA which is aminoacylated with phosphoserine®.
Sulphonated Tyr, a modification that is found naturally
on cell surface receptors, has been incorporated into
proteins®, and this has allowed antibodies with higher
affinity for the ligands of sulphated receptors to be iden-
tified®. Last, addition of 3-nitrotyrosine, a modification
of Tyr resulting from oxidative damage and correlated
with numerous disease states, has been used to demon-
strate that site-specific nitration on manganese super-
oxide dismutase — a modification that is also observed
in vivo — leads to its complete inactivation®.

Installing Lys methylation. Lys residues in proteins can
be monomethylated, dimethylated and trimethylated by
methyltransferases, and methylation can be removed by
demethylases™. Both the degree and site of methylation
may control biological outcomes, and the role of meth-
ylation on histones in regulating chromatin function
has been extensively studied. For example, methylation
of Lys9 in histone H3 (H3K9) is associated with hetero-
chromatin formation®-*2. Monomethylated and dimeth-
ylated Lys can be installed into recombinant proteins
using the PyIRS-tRNA pair*’. Using the unmodified
PylRS-tRNA_ , pair, a ‘protected’ version of mono-
methylated Lys (N°-tert-butyloxycarbonyl-Nt-methyl-L-
Lys) was site-specifically introduced into recombinant
histone H3 produced in E. coli. Removal of the tert-
butyloxycarbonyl group from the protein under mild
conditions then revealed monomethylated Lys at the
genetically programmed site. This two-step approach was
necessary because N*-methyl-L-Lys is so similar to Lys
that it is difficult to create an aminoacyl-tRNA synthetase
to specifically incorporate methylated Lys into proteins
in the presence of the high Lys concentration that is
constitutively present in the cell. The two-step approach
for installing Lys methylation has been extended using
different protecting groups that can be removed with
light or metal complexes* . A technique for genetically
directing Lys dimethylation in recombinant histones,
thereby generating site-specifically dimethylated histones
inlarge quantities, has also been described®. So far, these
approaches for installing monomethyl and dimethyl Lys
in recombinant H3 have been used in proof-of-principle
experiments to immunoprecipitate a known interaction
partner (heterochromatin protein 1 (HP1)) of mono-
methylated and dimethylated H3K9 (REFS 44,45). But
it seems likely that these approaches will facilitate new
biological discoveries.

Installing Lys acetylation. Lys residues in proteins may
be acetylated by acetyltransferases and deacetylated by
histone deacetylases (HDACs) or sirtuins. Lys acetyla-
tion is a key post-translational modification in regulating
chromatin structure and function and epigenetic phe-
nomena®>**, Moreover, mass spectrometry and a range of
other methods have now revealed that diverse biological
processes, from metabolism to signalling and immu-
nity, are also regulated by acetylation®>*. Acetyl-lysine
can be installed into recombinant proteins produced in
E. coli using a modified PyIRS—tRNA _ , pair®. Using this
approach, several recombinant proteins bearing homo-
geneous acetylation at a defined site have been produced.
This has provided new insights into the role of acetylation
that would be challenging or impossible to achieve by
other methods, including insights into the role of acety-
lation in regulating chromatin structure and function,
enzyme activity, immunosuppression, viral infection and
tumour suppressor and transcription factor activity®>-'.

The role of H3K56 acetylation. Acetylation of H3K56
has been implicated in diverse biological processes,
including the definition of epigenetic status and the
regulation of transcription, DNA replication and DNA
repair®”’. Recombinant H3 bearing quantitative acety-
lation at Lys56 has been produced in E. coli and then
reconstituted into histone octamers and assembled into
nucleosome core particles and nucleosomal arrays. This
has allowed testing of how H3K56 acetylation may con-
trol diverse phenomena by altering higher order chroma-
tin structure; remodelling or repositioning nucleosomes;
allowing nucleosome core particle ‘breathing’ or opening
on DNA; or recruiting factors to this modification®.

Contrary to the prevailing ‘dogma, H3K56 acetylation
did not measurably affect the chromatin compaction of
nucleosomal arrays in this analysis. Remodelling assays
of single nucleosome movements on DNA revealed that
acetylation of H3K56 caused only modest increases
in repositioning of nucleosomes by SWI/SNF and RSC
remodelling enzymes.

The crystal structure of the nucleosome core particle
shows that H3K56 is near the entry and exit site of DNA
and that Lys56 in H3 makes a water-mediated contact
with the DNA phosphate backbone. Therefore, it was
proposed that neutralization of the Lys charge by acetyla-
tion might alter DNA breathing through the local disen-
gagement of regions of the DNA from the protein surface
in the protein-DNA complex. This was experimentally
demonstrated and quantified by single-nucleosome
fluorescence resonance energy transfer (FRET) experi-
ments™” (FIC. 3a). FRET probes on the DNA revealed an
increase in breathing of DNA on the nucleosome core
particles that contained acetylated H3K56 compared
with those that contained wild-type H3. Moreover, by
changing the position of the FRET probes on the DNA,
it was possible to show that the acetylation-dependent
increase in breathing localized to one turn of the DNA
helix. This histone acetylation-dependent increase in
DNA breathing may increase the accessibility of the
DNA and the modified nucleosome to other factors that
alter chromatin, providing a possible biophysical basis
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for observed cellular phenomena. It is important to note
that the ability to produce homogeneously and quan-
titatively modified protein at Lys56 of histone H3 was
essential to making interpretable measurements in these
single-molecule experiments. Thus, these data demon-
strate how access to defined modified proteins allows
mechanistic hypotheses to be tested in a unique way.

CYPA acetylation during viral infection and immunity.
Cyclophilin A (CYPA; also known as PPIA) is a cis—trans
prolyl isomerase, and two of the most important roles of
CYPA are in controlling immunosuppression and viral
infection. CYPA is the target of the widely used immu-
nosuppressive molecule cyclosporine: the complex
formed by CYPA and cyclosporine binds and allosteri-
cally inhibits calcineurin, leading to suppression of the
T cell-mediated immune response®. CYPA is also an
essential host protein for the efficient replication of sev-
eral viruses, including HIV-1 (REFS 81,82). During HIV-1
infection, CYPA interacts with the capsid protein GAG

REVIEWS

Figure 3 | Applications of genetically encoded
post-translational modifications. a | Genetically
encoded Nt-Lys acetylation allows the role of
acetylation in DNA ‘breathing’ to be assessed by
single-molecule fluorescence resonance energy
transfer (FRET). When FRET is measured between a
donor and an acceptor fluorophore on DNA, a larger
fraction of nucleosomes containing acetylated Lys56 on
histone H3 (H3K56) are found with low FRET efficiency,
suggesting that Lys56 acetylation favours DNA
breathing and a more open conformation. The models
are based on the X-ray structure of the nucleosome
core particle (Protein Databank (PDB) ID: )78.

b | Genetically encoded N*-Lys acetylation allows the
high-resolution X-ray structures of acetylated proteins
and their complexes to be solved. The high-resolution
structure of acetylated Lys125 from acetylated
cyclophilin A (CYPA) is shown on the left and includes
the experimental electron density map (green mesh). A
comparison between unmodified CYPA and acetylated
CYPA, both in complex with cyclosporine, is shown on
the right (PDB ID: RCPI'"%). Five water molecules (blue
spheres) that are ordered at the interface between
CYPA and the small molecule cyclosporine in the
unacetylated complex rearrange in the acetylated
complex, reducing the affinity of this interaction.

c | Genetically directed ubiquitylation has allowed

the determination of an X-ray structure of atypical
Lys6-linked diubiquitin (PDB ID: (REF. 47))

(yellow and orange), which shows that it forms a
distinct asymmetric conformation compared with
other ubiquitin linkages, such as Lys48 (PDB ID:
[LAAR"7), Lys63 (PDB ID: (REF. 178)), linear chains
(in which the amino terminus of one ubiquitin is linked
to the carboxyl terminus of another ubiquitin (PDB ID:
EWoN'#)) and Lys11 (PDB ID: EXEW'™). Images in part a
are reproduced, with permission, from REF. 57 © (2009)
Elsevier. Images in part b are reproduced, with
permission, from REF. 58 © (2010) Macmillan Publishers
Ltd. All rights reserved. Images in part c are modified,
with permission, from REF. 47 © (2010) Macmillan
Publishers Ltd. All rights reserved.

and is packaged into budding HIV-1 virions; and inhi-
bition of CYPA by cyclosporine substantially decreases
viral titre in human cells. It has been proposed that
disassembly of the HIV capsid, which is an essential
step in HIV infection, may be catalysed by CYPA-
mediated isomerization of the Gly89-Pro90 bond in
the HIV capsid.

The acetylation of a cyclophilin at Lys125 was iden-
tified in a proteomics screen®. It was subsequently
demonstrated that a substantial proportion of CYPA
is acetylated in HeLa cells and human T cell lines,
suggesting that the acetylated form of the protein is
biologically relevant®. To test this, recombinant CYPA
bearing homogenous acetylation at Lys125 was prepared
by overexpression in E. coli using an acetyllysyl-tRNA
synthetase-tRNA _ , pair, allowing detailed biophysical
and enzymatic characterization of acetylated CYPA
and associated complexes, as well as the first high-
resolution structures of an acetylated protein and asso-
ciated complexes®® (FIC. 3b). The acetylation of CYPA at
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Enthalpy

A measure (in
thermodynamics) of the total
internal energy of a system
plus its pressure multiplied
by its volume.

Entropy

A thermodynamic property
that can be used to determine
the energy that is not available
for work.

E1,E2 and E3

The enzymes by which
ubiquitin is added to cellular
proteins. The E1 activates
ubiquitin by attaching the
molecule to its active site
Cys residue. The E2 then
binds the ubiquitin molecule,
also by a Cys residue. The E2
then binds an E3 ligase which
binds the target protein and
catalyses the transfer of the
ubiquitin to a Lys residue of
the target protein.

Atypical ubiquitin chains
Ubiquitin chains that are not
linked by the common Lys48
or Lys63 linkages but by one
of the other Lys residues of
ubiquitin.

Sumoylation
The covalent attachment of
small ubiquitin-like modifier

(SUMO) to a substrate protein.

Neddylation

A process, analogous to
ubiquitylation, in which
ubiquitin-like protein NEDD8
is conjugated to a protein
substrate.
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<Figure 4| Genetically encoded photocaged amino acids allow insights into cell
biology in real time. a | Photocaging natural amino acids. The natural amino acids are
shown with the attached photocages (in pink). From left to right: Ser caged with a
4,5-dimethoxy-2-nitrobenzyl group; Cys caged with a 2-nitrobenzyl group; Tyr caged
with a 2-nirobenzyl group; Lys caged with a 2-nitrobenzyloxycarbonyl group; and Lys
caged with a 6-nitropiperonyloxycarbonyl group. b | Photocaging a near-universally
conserved key residue in the active site of MAPK/ERK kinase (MEK), along with the
introduction of activating mutations elsewhere in the kinase, allows rapid activation of
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decreased the catalytic efficiency for cis—trans prolyl
isomerization of a model substrate 35-fold. These data
are consistent with a model in which acetylation of
CYPA decreases capsid isomerization and, therefore,
potentially has an impact on capsid disassembly and
HIV-1 infection. Together, these studies also demon-
strate how insight into the consequences of a modifica-
tion on biological function can be obtained through the

kinase function in response to light. The models are based on a previously obtained MEK1
structure (Protein Databank ID:“"’). c | The mitogen-activated protein kinase (MAPK)
signalling pathway can be activated in vivo on binding of growth factors, such as

epidermal growth factor (EGF), to receptors, such as EGF receptor (EGFR), and also shows

synthesis and study of the modified protein.

Installing Lys ubiquitylation. The post-translational

intricate crosstalk with other pathways, such as those downstream of integrins and

G protein-coupled receptors (GPCRs). Activation of MEK1 and MEK2 allows
phosphorylation and nuclear import of ERK1 and ERK2, allowing substrate activation.
Photoactivation of the MEK kinase allows activation of a specific ‘subnetwork’ in MAPK
signalling. d | How photoactivation of MEK, compared with whole-pathway stimulation
with EGF, affects the kinetics of ERK2—-green fluorescent protein (GFP) accumulation in
the nucleus has provided insights into the elementary steps in signalling. The y-axis
represents the percentage normalized fluorescence expressed as a fraction of nuclear
GFP divided by cytoplasmic GFP fluorescence (F(n/c)). cAMP, cyclic AMP; FAK, focal
adhesion kinase; GEF, guanine nucleotide exchange factor; GRB2, growth factor
receptor-bound 2; KSR, kinase suppressor of RAS; MAPKK, MAPK kinase; MAPKKK,

MAPKK kinase; MAPKKKK, MAPKKK kinase; MEKK1, MEK kinase 1; MP1, MAPK scaffold

protein 1; p90RSK, p90 ribosomal protein S6 kinase; PAK, p21-activated kinase;

PK, protein kinase; PLC, phospholipase C; SHC, SH2 domain-containing transforming
protein. Images in parts b—d are modified, with permission, from REF. 98 © (2011)
American Chemical Society.

Lys125 decreased its affinity for cyclosporine 20-fold.
Comparison of the crystal structure of acetylated CYPA
in complex with cyclosporine and the same complex
for non-acetylated CYPA revealed that the acetylation
of Lys125 disrupts a network of five water molecules
that form an interface between unacetylated CYPA
and cyclosporine. This acetylation-mediated solvent
remodelling illustrates how acetylation may control
protein-small molecule interactions without eliciting
rearrangement of the structure or inducing allosteric
changes. CYPA acetylation also decreased the affinity
of the CYPA-cyclosporine complex for calcineurin
twofold. As cyclosporine-mediated immunosuppres-
sion requires its binding to CYPA and the CYPA-
cyclosporine complex binding to calcineurin, both of
which are decreased by acetylation, the effect of CYPA
acetylation on immunosuppression may be greater than
the effect measured for each step individually.
Measurements on the CYPA-HIV-1 capsid inter-
action revealed that neither acetylation nor a Lys-to-Gln
mutation at position 125 changes the affinity of CYPA
for the HIV-1 capsid, but that the enthalpy and entropy
contributions to this affinity do change®. Therefore, the
data are consistent with acetylated CYPA, Lys125GIn
CYPA and wild-type CYPA binding the capsid through
different modes, demonstrating that, although Gln is
often used by researchers as a mimic of acetylation, it
is not a good mimic for the acetylation of CYPA. The
crystal structure of acetylated CYPA in complex with the
HIV-1M group capsid N-terminal domain also showed
that the Gly89-Pro90 peptide bond of the HIV-1 capsid
was in the cis form, rather than the trans form observed
in the unacetylated CYPA complex, and acetylation

modification of target proteins with the 76-amino-acid
protein ubiquitin regulates many aspects of eukaryotic
cell biology*”*’. Ubiquitylation, in which the carboxy-
terminal carboxylate of ubiquitin is attached to a
Lys residue to form an isopeptide bond, is naturally
mediated by E1, E2 and E3 enzymes and removed by
deubiquitinases (isopeptidases). However, the specific
combinations of enzymes that are used to ubiquitylate
many proteins are unknown, making it challenging to
understand the roles of protein ubiquitylation and to
decipher deubiquitinase specificity. As ubiquitin is itself
a protein, this post-translational modification cannot be
genetically encoded directly using an evolved synthetase
and a tRNA, but genetic code expansion methods have
been developed to site-specifically install Lys derivatives
that allow ubiquitin to be attached to proteins, in some
cases through a native isopeptide bond.

For example, Nt-cysteinyl-L-Lys has been incorpo-
rated into proteins in response to the amber codon using
evolved PyIRS—tRNA_ , pairs**™. Native chemical liga-
tion at this amino acid with a ubiquitin (residues 1-75)
thioester generates an isopeptide bond***. However, this
approach generates a non-native linkage in which the
C-terminal Gly of ubiquitin, which is universally con-
served, is mutated to Cys (or Ala following desulphuriza-
tion). This linkage is not a substrate for deubiquitinases
and this may be an advantage in approaches aiming to
identify binding partners for ubiquitylated proteins in
complex mixtures that contain deubiquitinases.

Two methods have used genetic code expansion to
create native isopeptide bonds between recombinant
proteins and ubiquitin*®*". In the first approach, termed
GOPAL (genetically encoded orthogonal protection
and activated ligation)¥, a protected version of Lys
is installed in response to the amber stop codon and
defines the ultimate site of isopeptide bond formation.
A series of chemical protection and deprotection steps
are then used to direct the formation of an isopeptide
bond with ubiquitin. Although GOPAL, and its variants,
can be used to generate atypical ubiquitin chains to study
their function*”*, it does require protein unfolding and
may, therefore, be challenging to apply to the ubiqui-
tylation of large multidomain proteins that cannot be
refolded. In a second approach, a PyIRS-tRNA pair has
been evolved to incorporate a §-thiol-Lys derivative®,
which is known, from work on synthetic peptides®”®,
to react with C-terminal thioesters of ubiquitin to yield
an isopeptide bond (BOX 1). Desulphurization of the
§-thiol following isopeptide bond formation renders
the approach entirely traceless. This approach was used
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to make ubiquitylated small ubiquitin-like modifier
(SUMO) for the first time*, and simple extensions of
the approach should allow access to large proteins bear-
ing defined ubiquitylation, as well as to proteins bearing
sumoylation or neddylation.

Atypical ubiquitin chain structure and deubiquitinase
specificity. Atypical ubiquitin chains make up a large
fraction of polyubiquitin in cells*. However, the bio-
logical function, assembly and disassembly of atypical
chains are less well understood than they are for Lys48
and Lys63 chains, which have established roles in pro-
teasomal degradation and signalling, respectively. It
was not previously possible to make these linkages so
that their function and regulation could be investigated,
as the specific ligases responsible for their synthesis
were unknown. Using GOPAL, Lys6- and Lys29-linked
diubiquitins were synthesized that contained the mini-
mal ubiquitin-ubiquitin linkage of atypical ubiquitin
chains. Atypical dimers have also been made in
other studies by peptide synthesis and native chemical
ligation®7s850-%4,

The crystal structure of Lys6-linked diubiquitin, pro-
duced using GOPALY, reveals an asymmetric compact
conformation (FIG. 3c). The structure is distinct from
previously observed diubiquitin structures for other
isopeptide linkages and is also distinct from a compu-
tational model of Lys6-linked diubiquitin. Interestingly,
iterative modelling of a longer Lys6-linked ubiquitin
chain, on the basis of the diubiquitin structure, suggests
the possibility that Lys6-linked ubiquitin may form
a helical filament. Thus, the structure of Lys6-linked
diubiquitin reveals molecular features that may sub-
sequently explain how Lys6-linked ubiquitin polymers
may be uniquely recognized in the cell to elicit particular
biological outcomes.

The ability to synthesize atypical ubiquitin chains
has allowed 10% of human deubiquitinases, which may
each disassemble chains, to be profiled for their isopep-
tide linkage specificity*’. These experiments revealed
that atypical linkages are the preferred substrates of
certain deubiquitinases; notably, the OTU domain deu-
biquitinase TRABID (also known as ZRANBI) cleaves
Lys29-linked diubiquitin 40 times more rapidly than
Lys63-linked ubiquitin®. As TRABID has been impli-
cated as a positive regulator of WNT signalling, these
experiments reveal a potential new link between WNT
signalling and atypical ubiquitin chains and highlight
the potential of these approaches for assessing the regu-
lation and biological roles of both classic and atypical
ubiquitin chains.

Photocaged amino acids

Protein function may be abrogated by site-specifically
replacing a natural amino acid in the protein with an
unnatural photocaged version of the same amino acid,
the presence of which blocks a particular function of the
natural protein. A millisecond pulse of light may then
be used to de-cage the unnatural amino acid and restore
this function. A key advantage of this approach is that
it allows a defined function of a specific protein to be

rapidly and specifically activated inside living cells and
organisms, and so facilitates the study of the resulting
adaptive changes.

Photocaged Tyr®, Cys', Ser”, and Lys” have all been
genetically encoded using evolved aminoacyl-tRNA
synthetase-tRNA_ , pairs (FIG. 4a), and some of these
amino acids have been used for biological studies. For
example, photocaged Ser has been used to examine
the contribution of two phosphorylation sites in the
yeast transcription factor Pho4 to its export from the
nucleus”. Photocaged Lys derivatives have been incor-
porated in response to the amber codon in E. coli, yeast
and mammalian cells*”***. The use of these approaches
for mammalian cells was demonstrated by genetically
encoding a caged Lys in place of a key Lys within a
nuclear localization sequence fused to green fluores-
cent protein (GFP) and/or in place of a key Lys in p53
that has been reported to be important for nuclear
localization’. This mislocalized both proteins to the
cytosol, allowing the kinetics of their nuclear import
to be measured reproducibly in single cells” following a
millisecond-to-second pulse of light.

Insights into MEK signalling dynamics. The RAF-
MEK-ERK (RAF-MAPK/ERK kinase (also known
as MAPKK)-extracellular signal-regulated kinase)
mitogen-activated protein kinase (MAPK) signalling
pathway, which is crucial for regulating diverse cellu-
lar phenomena, including growth and proliferation, is
typically activated at the cell surface by, for example, the
binding of epidermal growth factor (EGF) to the EGF
receptor (EGFR). EGF stimulation leads to relocaliza-
tion of ERK2 from the cytoplasm to the nucleus, and
this can be followed by fluorescence microscopy using
an ERK2-GFP fusion®®'® (FIC. 4). Following EGF stimu-
lation, there is a lag phase before ERK2-GFP accumu-
lates in the nucleus, and ERK2-GFP then dissipates from
the nucleus despite persistent EGF stimulation; this lat-
ter phenomenon — described as exact adaptation'® —
suggests there may be negative feedback in the pathway.
To begin to understand how the kinetics of these steps
contribute to information processing, and to dissect the
architecture of feedback control mechanisms, it would be
very helpful to be able to rapidly turn on a single kinase
in this pathway to activate a signalling ‘subnetwork’ by a
process that is independent of extracellular stimuli.

By introducing mutations to make MEK constitu-
tively active and simultaneously replacing the key Lys
residue in the active site of MEK with a photocaged
Lys, a photoactivatable version of MEK was created in
mammalian cells*® (FIC. 4b). When cells were subjected
to a pulse of light, active MEK was produced that phos-
phorylated ERK2-GFP, leading to its nuclear import.
The kinetics of this process were followed by fluores-
cence microscopy, and additional experiments demon-
strated that activation of MEK leads to phosphorylation
of ERK?2, as well as to the phosphorylation of nuclear
targets of ERK2 (REF. 98). This demonstrated that a
subnetwork of MAPK signalling had been specifically
photoactivated by a process that was independent of
receptor stimulation (FIC. 4c).
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Box 2 | Bio-orthogonal chemistry and protein labelling

? \
Bio-orthogonal
labelling of protein

Genetically encoded
bio-orthogonal moiety

H;N~ O COOH

Bio-orthogonal chemical reactions allow labelling of an incorporated unnatural amino
acid containing a bio-orthogonal functional group (orange circle) with a chemical
reporter (blue hexagon; see the figure). These reactions proceed under biologically
compatible conditions, in which the reactants form a product with each other but do not
react with chemical groups found in other biological molecules or in cells and
organisms'*. Amino acids bearing bio-orthogonal functional groups, including azides,
alkynes, ketones, alkenes, tetrazoles, anilines, 1,2-amino thiols, aryl halides and boronic
acids, can now be site-specifically incorporated into proteins and labelled through
bio-orthogonal reactions®**'" (see Supplementary information S1 (table)). The
site-specific introduction of probes into a protein via the genetic installation of a
bio-orthogonal functional group and subsequent chemical labelling allows almost any
probe to be conjugated to the protein, and it has been possible to site-specifically label
proteins in vitro with fluorophores, biotin and polyethylene glycol (PEG) in model studies.

The bio-orthogonal chemistries that can currently be encoded, with notable
exceptions®**2172 have rate constants of 10*M™s™ to 102 M~'s™* (REF. 173), which are
six to eight orders of magnitude slower than methods that are used to successfully label
proteins in or on cells. However, recent advances in the development of very rapid
bio-orthogonal reactions, including the incredibly rapid reaction between tetrazines
and strained alkenes'’*'”*, and the encoding of their reaction partners®*'°272 ‘have
begun to allow site-specific labelling of cellular proteins'’. This is an area with
tremendous potential, which may be fully realized as faster bio-orthogonal reactions
are developed and their components are encoded.

Comparison of the kinetics of ERK2-GFP nuclear
accumulation following MEK photoactivation or endog-
enous receptor stimulation provided some interesting
insights (FIC. 4d). Whereas there is a lag phase of minutes
before the nuclear accumulation of ERK2-GFP follow-
ing receptor stimulation, this long lag phase is not pre-
sent in the photoactivated subnetwork, suggesting that
the lag may result from steps upstream of MEK. Once
initiated, the rates of ERK2-GFP nuclear accumulation
are comparable, suggesting that the rate-determining
step for ERK2 nuclear import may lie between MEK and
ERK2. In addition, although exact adaptation is observed
in the receptor-stimulated case, this is not observed in
the photoactivated subnetwork. This suggests that the
feedback mechanism that controls exact adaptation may
operate upstream of MEK in the MAPK pathway. Finally,
following the import of ERK2-GFP with high time reso-
lution showed that it accumulated sigmoidally, which
is consistent with its distributive dual phosphorylation,
previously observed in vitro'™, being rate-determining
for nuclear import. Because the Lys caged in these
experiments is almost universally conserved in protein
kinases'®, it should be possible to apply variations of this
approach to understanding the elementary steps in many
kinase pathways. Extensions of this approach may provide

insights that are not readily accessible by classical genetics
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or the chemical environment of the region of a protein
in which they are installed. Proteins may also be site-
specifically labelled with heavy atoms to facilitate X-ray
crystallography.

A range of methods is also available for labelling pro-
teins with a much wider range of other molecules, includ-
ing cytotoxins, biotin and fluorophores. These methods
include the use of fluorescent protein fusions'®-'%, self-
labelling proteins (for example, SnapTag, HaloTag and
ClipTag)''"°, ligases (for example, biotin ligase, lipolic
acid ligase, sortase and phosphopantetheinyl trans-
ferase)'"'''8 and self-labelling tags (for example, tetra-
cysteine and tetraserine)''®'®. Some of these approaches
allow rapid labelling and have had a substantial impact on
biological studies. However, they require the use of protein
fusions and/or the introduction of additional sequences
into the protein of interest. This may disturb the structure
and function of the protein and can make it challenging
to place probes at any position in a protein. Moreover, the
range of probes that can be incorporated by some of these
methods is limited'*>1°*'2!, The site-specific installation of
bio-orthogonal chemical groups into a protein by genetic
code expansion and the labelling of proteins via specific
bio-orthogonal reactions (BOX 2; see
(table)), provides an emerging route to

site-specific protein labelling with almost any probe.

Probing protein structure by X-ray crystallography and
NMR. Labels and probes can be incorporated that may
allow new structural insight into proteins. Heavy atoms
may be incorporated into proteins to assist with phasing
X-ray data for structure determination. For example,
p-Iodo-L-Phe has been incorporated into T4 lysozyme,
and use of the iodine to phase the X-ray data allowed
the crystal structure of T4 lysozyme to be obtained with
less data than would be required using more traditional
methods'>. However, this approach has not yet yielded
information that could not have been obtained using
established methods, such as selenomethionine incorpo-
ration'® for phasing. NMR-active versions of unnatural
amino acids (bearing'E, *C or*N isotopes) have also
been site-specifically incorporated into proteins'*"'%,
allowing a single site in a protein to be observed by
NMR. Proof-of-principle experiments have demon-
strated that site-specific'’F labelling of specific proteins
can be detected by NMR in E. coli'®. In principle, ‘in-
cell NMR’ has the potential to yield new insights into the
conformational changes that proteins undergo inside cells.

Optical probes: fluorescent and infrared probes. Four
fluorescent amino acids have been incorporated into
proteins’*'%. An amino acid containing a coumarin
fluorophore has been encoded in E. coli'** and has been
used to label the chaperonin protein GroEL. Fusions of

Distributive

A mode of activation in which
two or more events occur
independently. In the case

of ERK2, which is
diphosphorylated when
activated, the MEK1—-ERK2
complex dissociates after each
phosphorylation event.

or by small interfering RNA-based approaches. GroEL to GFP are problematic for imaging GroEL locali-
zation because they interfere with GroEL function. By
contrast, a coumarin-labelled GroEL was shown to be
functional and allowed the localization of GroEL during
stress response and heat shock to be observed, providing
evidence that GroEL does not relocalize upon exposure to

heat shock'. An environmentally sensitive dansyl amino

Introducing biophysical probes and labels

Several amino acids bearing biophysical probes can now
be directly incorporated into proteins. These include
fluorescent probes, NMR probes and infrared probes
that can report on the location of proteins within cells
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Figure 5| Use of genetically encoded infrared probes to dissect local GPCR conformational changes during
activation. a| Inactive rhodopsin, which is located at the cell membrane, is activated by light, which induces
conformational changes in a retinal group of the chromophore from a cis to a trans form. These trigger further changes

in the structure of the rhodopsin protein, resulting in conversion of rhodopsin to metarhodopsin Il via the structural
intermediate state of metarhodopsin . The conversion to metarhodopsin Il is sensed by the associated G protein
transducin, which undergoes a structural change causing GDP to be released from the pocket and allowing GTP to bind.
GTP-bound transducin is then able to induce downstream events, leading to G protein signalling and optic nerve
stimulation. b | Incorporation of p-azido-L-phenylalanine (AzF) at several positions (red) in helices 5 and 6 of rhodopsin has
provided insights into the conformational changes that occur during the formation of metarhodopsin Il via the structural
intermediate metarhodopsin | upon exposure to light. Fourier transform infrared (FTIR) spectra between 2,200 and

2,000 cm™ report the altered local chemical environment experienced by the AzF probe. Data for the metarhodopsin |
state are shown here mapped onto an inactive bovine rhodopsin structure (Protein Databank (PDB) ID: LGZM*"). The
spectral data for metarhodopsin Il (red) are shown mapped on to the structure of an active bovine opsin (PDB ID: BDOH*).
The grey spectra show the equivalent region of a control protein that does not contain the azido-Phe. Spectra for
positions V227 and Y136 are shown at x 3 magnification. Residues 136 and 250 already show downshifts during the
transition to metarhodopsin | and only show small downshifts from metarhodopsin | to metarhodopsin Il indicating

that they move to a less polar environment. Residues 253 and 72 show very large upshifts from metarhodopsin | to
metarhodopsin Il, indicating that they move to a more polar environment in this transition. Additionally, residue 227
shows a downshift in transition to metarhodopsin |, followed by an upshift from metarhodopsin | to metarhodopsin Il
Taken together, the data suggest that the rotation of helix 5 (black) occurs by the metarhodopsin | state, but rotation of
helices 2 (yellow) and 5 (orange) do not occur until the metarhodopsin Il transition. The shaded areas show deviation from
the wild-type rhodopsin spectra (containing no AzF). GPCR, G protein-coupled receptor. Images in part b are reproduced,
with permission, from REF. 138 © (2010) Macmillan Publishers Ltd. All rights reserved.

‘ Optic nerve stimulation ‘

acid that changes its fluorescence intensity and its wave-
length of fluorescence emission as functions of the hydro-
phobicity of its local environment has been incorporated
in Saccharomyces cerevisiae and used to follow protein
denaturation in vitro'®.

Compared with established methods for fluorescently
labelling proteins, one advantage with this technique is
that the introduction of these fluorescent unnatural
amino acids introduces minimal perturbation to protein
structure and is unlikely to interfere with the function
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and localization of proteins. However, the amino acids
that can currently be encoded are excited with blue light,
making them less than ideal for cellular imaging. In
addition, for applications in cells, it may be challenging
in some cases to wash out the background of free fluo-
rescent amino acid to give a high signal to noise ratio, a
problem that is not encountered when using fluorescent
protein fusions.

Phe derivatives bearing nitriles'* or azides>'* have
been site-specifically incorporated into proteins. Nitriles
and azides have unique vibrational signatures in the spec-
tral range between 1900 cm™ and 2300 cm™, which is well
separated from intrinsic protein vibrations. And azide
and nitrile vibrations are sensitive to polarity and elec-
tric fields, making them good environmentally sensitive
probes for Fourier transform infrared (FTIR) spectros-
copy. As nitriles and azides are small, they are considered
to be less likely to introduce perturbations into protein
structure than environmentally sensitive fluorophore
labels. However, FTIR is generally less sensitive than
fluorescence and requires larger amounts of material.
And, although the labelling of proteins using fluorescent
amino acids has been demonstrated in cells'*’, the use
of genetically encoded infrared probes has only been
demonstrated in vitro.

Insight into GPCR signalling via infrared probes.
Incorporation of an azide derivative of Phe in combina-
tion with FTIR has been used to examine the confor-
mational changes that take place when rhodopsin, the
G protein-coupled receptor (GPCR) that is responsible
for vision in dim light, becomes activated by light and
binds a cytoplasmic G protein'*”**. Upon photoactiva-
tion, an endogenous retinal group in rhodopsin is isomer-
ized from the cis to the trans form. This isomerization is
coupled to a series of rearrangements in the transmem-
brane helices, although the precise temporal sequence
and the mechanism of the resulting protein conforma-
tional changes are unclear. To address this, p-azido-L-Phe
was incorporated at specific sites in helices 5 and 6 of

REVIEWS

rhodopsin in mammalian cells, and purified rhodopsin,
reconstituted into liposomes, was examined by time-
resolved FTIR for changes in the local environment
that the azido group experiences as rhodopsin changes
from an inactive to an active conformation'*”"* (FIC. 5).
In these experiments, comparison of the time-resolved
FTIR spectra for the azide-containing mutants and the
unmodified protein provides a level of internal control
for the effects of introducing the unnatural amino acid
on protein function. The FTIR experiments provide evi-
dence that some helix rearrangement occurs early on (in
the intermediate metarhodopsin I state), that helices 5
and 6 of rhodopsin are altered before the active state of
the receptor is acquired and that receptor activation is
defined by a final movement of helix 6. Thus, the intro-
duction of these Phe derivatives into proteins can allow
dissection of the structural intermediates that a protein
transits through during the activation of signalling.

Conclusions

It is now possible to site-specifically encode the incorpo-
ration of a range of unnatural amino acids into proteins.
The functionality that can be directed into proteins has
been further expanded by encoding amino acids that
can undergo subsequent, specific chemical reactions.
Genetically encoded unnatural amino acids now allow
protein interactions to be defined in vivo; the role of post-
translational modifications to be defined; protein function
to be activated in milliseconds inside live cells to dissect
biological roles; and conformational changes of proteins
to be followed in real time.

Emerging approaches allow the incorporation of
multiple distinct unnatural amino acids into proteins'*'*°,
and these should facilitate the development of a whole
new set of applications to biological problems through, for
example, the encoding of FRET pairs for imaging applica-
tions. In addition, the incorporation of unnatural amino
acids in animals'' may also allow the real-time dissection
of molecular processes, including development and neural
processing, in vivo.
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