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Crystal structures of various receptors and receptor/ligand
complexes provide a major impetus for the work on dynamic
features of these systems. However, receptors are usually
integral membrane proteins, which are notoriously difficult to
crystallize.“] In addition, in most cases structures usually
capture only a snapshot of a ligand-bound ground state and
accordingly are limited to a single static image of one
particular conformation state. As numerous hydrophilic
ligands including pheromones, hormones, neurotransmitters,
small molecules, peptides, and even large proteins mediate
signals from the environment to the intracellular compart-
ment via receptors, this class of proteins plays a major role in
intercellular communication. Therefore, biophysical, bio-
chemical, spectroscopic, and functional studies are urgently
required to get more insight into the specificity, affinity of
ligand recognition, and binding as well as the ligand/receptor
conformational dynamics.

G-protein-coupled receptors (GPCRs) are classical ex-
amples of dynamic membrane proteins involved in triggering
and regulating cellular signalling pathways.””! Not surprisingly,
the GPCR family comprises about 4 % of the entire protein-
encoding part of the human genome. GPCRs are grouped into
distinct classes named A, B, C, or GRAFS according to major
representatives (glutamate, rhodopsin, adhesion, frizzled,
secretin families).”! As currently 30% of all approved drugs
target GPCRs, precise chemical information about the
molecular mechanism of transmembrane signaling and the
understanding the molecular pharmacology of this process is
of outstanding interest.!
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The incorporation of noncanonical amino acids (ncAAs)
into proteins has become an important tool to study the
biochemical properties of proteins in a sophisticated manner
and can be used to compensate for the lack of structural
information. The advantage of the site-directed incorporation
of ncAAs is the possibility of introducing specific reactive
amino acid side chains. These can be used to study specific
structural constraints by derivatization, for example labeling
with a fluorescent tag or with biotin, or by site-specific
crosslinking to interaction partners.

Different techniques have been developed to introduce
ncAAs, including native chemical ligation™ and expansion of
the genetic code by using suppressor-based technologies® or
auxotrophic bacteria (Figure 1).”! Photolabile ncA As such as
p-benzoyl-L-phenylalanine (Bpa) which covalently bind side
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Figure 1. In vivo incorporation of ncAAs in mammalian cells for near-
native studies of GPCRs. GPCRs are dynamic membrane proteins that
trigger and regulate cellular signaling pathways. Most commonly used
ncAAs in GPCR structure—function studies are p-acetyl-L-phenylalanine
(AcF), which can react with a hydrazide or hydroxylamine derivative,
and p-benzoyl-L-phenylalanine (Bpa), a useful photoactivatable cross-
linker upon exposure to UV light. p-Azido-L-phenylalanine (azF) is
useful as an IR probe and as a tag for bioorthogonal conjugations
such as click chemistry and the Staudinger—Bertozzi ligation. Orthog-
onal pairs are derived from evolutionary distant cells and organisms
by exploiting species specificities in the aminoacylation reaction (i.e.
amino acid activation and tRNA charging). These ncAAs introduced
into GPCRs facilitate studies of ligand—receptor interactions as well as
intra- and intermolecular conformational dynamics and signal trans-
duction.
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chains of interacting partners at a distance of 34 A upon
irradiation are especially useful. This in situ noninvasive
chemistry, however, is only possible if the reprogrammed
translational machinery is available in the studied cells.
Furthermore, incorporated keto amino acids such as p-
acetyl-L-phenylalanine (AcF) allow the specific labeling with
hydrazine or hydroxylamine derivatives.”!

Owing to the low abundance of GPCR in cells, and the
difficulties in recombinant bacterial expression and solubili-
zation, few examples of the efficient expression of GPCR
containing ncAAs have been reported up to now. In 2008,
Sakmar and co-workers incorporated two distinct ncAAs
(AcF and Bpa) into two different GPCRs: CCR5 (a chemo-
kine receptor and major co-receptor for the human immuno-
deficiency virus) and rhodopsin.®! Both AcF and Bpa were
introduced into GPCRs in HEK293T mammalian cells by
using two orthogonal pairs (0-pairs) consisting of the Bacillus
stearothermophillus suppressor tRNA (Bst-Yam) and evolved
Escherichia coli tyroysl-tRNA synthetase (TyrRS) variants
AcFRS and BpaRS. These o-pairs were previously developed
for ncAA translation by read-through of an Amber termi-
nation codon (UAG) in yeast mRNA. Both GPCRs, which
harbor reactive keto groups at specific positions, were
generated in sufficient amounts such that a variety of
spectroscopic probes could be introduced (e.g. rhodopsin
could be noninvasively labeled by fluorescein hydrazide).”!
Similarly, Becker and co-workers used Bpa to probe the
potential binding site of the pheromone receptor Ste2 (a yeast
GPCR). They were able to identify positive crosslinks as
potential binding sites for its natural peptide a-factor
ligand."” In the meantime, AzF was also successfully
incorporated into rhodopsin to measure its dynamics by
Fourier transform infrared (FTIR) spectroscopy.!'!

These first experiments fully confirmed that site-specific
ncAA insertion within the receptor is an invaluable non-
invasive tool to study the mechanisms and dynamics of GPCR
ligand binding and signal transmission. It is of particular
importance that the repertoire of ncAAs makes it possible to
gain information about GPCR structure and function by, for
example, trapping a receptor-ligand complex using photo-
activatable crosslinkers or by monitoring its mobility with
fluorescent probes. In addition, the labeling of a receptor
using o-pairs might be combined with the use of various
synthetic ligands. This year, Sakmar and co-workers em-
ployed an in situ photocrosslinking approach by using o-pairs
for AzF and AcF to study the binding interactions of inhibitor
T140 specific for CXC chemokine receptor 4 (CXCR4). This
receptor is important in directed cell migration, cancer
metastasis, and HIV entry. They tested eight amino acid
positions at the receptor interface and mapped a unique UV-
light-dependent crosslink in vivo—the site of specific inter-
action between CXCR4 residue 189 and T140 (HIV-1 co-
receptor blocker). Importantly, their findings were consistent
with crystal-structure-based molecular modeling with peptide
inhibitors.['?

The first study of a class B GPCR was recently reported
by Wang and co-workers,"” who studied the corticotropin-
releasing factor receptor typel (CRF-R1), which upon
endogenous peptide-ligand binding participates in stress

Angew. Chem. Int. Ed. 2012, 51, 310—312

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

intemarionalEdition, ChEMiE

response. Like other members of class B GPCRs (or secretin
family), CRF-R1 has a large N-terminal domain (roughly 120
residues) which serves as the major binding site of peptide-
based ligands. Since no full-length receptor has been structur-
ally characterized by NMR spectroscopy or X-ray crystallog-
raphy, the structural information about these receptors is
mainly from structure—activity relationship studies and clas-
sical crosslinking studies (e.g. derivatization of cysteines with
thiol-specific maleimide-based or haloacetamide-based re-
agents). In this study, CRF-R1 receptors were investigated in
293T cells transfected with the plasmid encoding the o-pair
(tRNAya(Tyr)-AzFRS derived from E. coli) for site-specific
AzF incorporation in response to the UAG codon. In the
experimental setup, the endogenous ligand was radioactively
labeled. This made it possible to identify crosslinking points
usually not found in traditional crosslinking investigations.
Fine and distinct mapping of these interactions was further
enabled by studying the crosslinking behavior of different
ligands at the same AzF-containing variant receptor set. Four
different AzF-containing CRF-R1 variants were tested for
crosslinking in parallel with four radiolabeled ligands. Curi-
ously, the number of crosslinking sites was surprisingly small,
indicating that the ligands are not tightly bound to the
receptors in the native cellular context of the CRF-R1
complexes.

With these recent experiments and breakthroughs, the
technology using the expanded genetic code proved to be
indispensable for noninvasive in vivo studies in mammalian
cells and even whole organisms, since it provides chemical
handles as probes for monitoring receptor-ligand interac-
tions, receptor activation, and the real-time interrogation of
active signaling complexes. However, routine application of
this methodology still faces a number of challenges. Examples
are the correct transcription of the tRNAs from o-pairs, and
subsequent processing, modification, and export to the
cytoplasm of the cell, and the requirement that an o-aaRS
should be highly specific for both the cognate orthogonal
tRNA and thencAA. Finally, the mRNA encoding a gene of
interest and bearing the in frame stop codon might become a
substrate of nonsense-mediated decay (NMD)!"* which might
destroy transcripts with premature termination signals. Re-
sults obtained by the use of p-azido-L-phenylalanine (AzF) in
the biological context should be critically evaluated as it is
well known that upon its incorporation into the target protein
the reduced forms are observed as well. This could contribute
to the chemical reactivity and photoinstability of the aryl-
azido group during different analytical procedures such as
mass analyses. However, it has been described that, for
example, Saccharomyces cerevisiae can be used as a biocat-
alyst to reduce arylazides to arylamines.

Beside the problem of chemical and metabolic stability as
well as intracellular uptake of particular ncAAs, there are at
least four issues that should be taken into consideration
before planning and designing these experiments. First, while
the incorporation efficiency of ncAAs is relatively high in
E. coli, it is generally much lower in yeast and especially in
mammalian cells. Namely, low read-through of Amber stop
codons might cause an increase in truncated protein fractions,
which can be potentially toxic or interfere with the function of
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the full-length target protein. Therefore, the application of
ncAA mutagenesis in mammalian cells requires more effort
to improve the efficiency of specific o-pairs. Second, efficient
translation of various ncAAs into membrane proteins in
mammalian cells is still a challenging task, not only because of
the inefficiency of the o-pairs but also because of low protein
yields in systems where these are not highly expressed. Third,
the type of ncAA used is always dictated by the biological
problem to be studied. For example, photocaged amino acids
in living cells allow the photocontrol of protein interactions,
protein localization, enzymatic activity, and cellular signaling.
In contrast, translation of photocrosslinking ncAAs is useful
for the mapping of weak or transient, noncovalent protein
interactions. Conformationally restricted ncAAs or amino
acid analogues might be incorporated to study the role of
local constraints and energy barriers.""! Finally, for biological
studies requiring protein imaging and spectroscopy, the
incorporation of ncAAs with bio-orthogonal chemical han-
dles and biophysical probes is the first choice. However, in
many cases it may be necessary to combine or replace a
suppressor-based methodology with other approaches!'”]
including SNAP-tag technology, FlaSH-tag approaches,
GFP fusions, classical Cys modifications,™ and even semi-
synthetic methods such as expressed enzymatic or native
protein ligations.'”’ For example, ncAA approaches are not
suitable when backbone modifications are examined, pulse-
chase experiments are required, large nonnatural segments
need to be introduced, when protein immobilization is
required or when subsequent modification may not work
owing to low concentrations. Therefore, despite the current
success, this is just the beginning of an emerging field that
requires chemistry compatible with biological systems. There
is still much room for improvement, especially when mem-
brane proteins such as receptors have to be examined or
intracellular proteins specifically modified.
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