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ABSTRACT: It has been 50 years since F. H. Westheimer and colleagues reported
the first use of a photoactivatable cross-linking reagent to study the active site of
chymotrypsin. In studies of seven transmembrane helical receptors, also known as G
protein-coupled receptors (GPCRs), recent simultaneous advances in structural
biology, molecular dynamics simulations, and amber codon suppression methods
have allowed the development of a targeted photo-cross-linking strategy to probe
receptor−ligand interactions in cell membranes. We review here recent advances in
targeted photo-cross-linking of GPCR−ligand complexes in the context of extensive
earlier work that primarily relied upon the use of ligand analogues with photoactivatable constituents.

Membrane proteins with seven transmembrane (TM) helical
segments (7-TM receptors) are also commonly referred to as G
protein-coupled receptors (GPCRs) because they interact with
cytoplasmic guanine nucleotide regulatory proteins (G
proteins) in a canonical signal-transduction pathway. A
superfamily of related 7-TM receptors comprises the largest
family of cell surface receptors in humans, and 7-TM receptors
are found ubiquitously in eukaryotic organisms. Since 7-TM
receptors bind to hormones, cytokines, metabolites, neuro-
transmitters, neuromodulators, and other signaling molecules,
they have been frequent targets of drug discovery programs. Up
to one-third of all human molecular drug targets are 7-TM
receptors. Despite extensive advances in studies of 7-TM
receptors from a variety of overlapping scientific research
disciplines, including molecular pharmacology, structural
biology, and molecular dynamics simulations, how the binding
of a ligand on the extracellular side of a receptor causes the
release of guanosine 5′-diphosphate (GDP) from a G protein
bound to the cytoplasmic side of the receptora distance of
∼80 Åis not understood with chemical precision. One tool
that continues to advance our understanding of GPCR−ligand
interactions and circumvents some of the obstacles of working
with these complexes is the application of photoactivatable
cross-linkers.
Photoactivatable cross-linking reagents have been used to

study binding interactions within biological systems since the
1960s. Westheimer and colleagues pioneered the early work by
applying photoreactive molecules to map an enzyme’s active
site.1 One of the advantages of using photoactivatable probes in
a biological system is that probes react instantaneously with
surrounding chemical bonds upon photolysis.2 The ability to
photoactivate a cross-linker reagent allows, at least in principle,
for control over “when and where” a cross-linking reaction
takes place. Therefore, these reagents enable the investigation
of the structures of transient complexes in a cellular
environment, for example, which is not possible with standard
chemical or crystallographic techniques. Most physiologically

relevant GPCR−ligand complexes require the native plasma
membrane environment for complex formation. Photolabile
probes with high affinity for receptors under native conditions
and with minimal alteration to the structure of the original
ligand or of the ligand−receptor complex are required to gain
maximal information.
Several different reagents are reactive upon photolysis, but

only a handful of these are stable within a biological
environment. A few of the most common ones used to study
biological interactions include diazoacyl ester,1 aryl azide,5

benzophenone,6 and diazirine.7 Each of these molecules has its
own inherent advantages and disadvantages, which have been
described in detail elsewhere.8,9 The primary characteristics that
differ among these molecules and determine their effectiveness
to probe biological interactions are size, reactivity, and stability.
Over the past 40 years or so photo-cross-linking reagents have
been popular tools for the study of GPCR−ligand interactions.
The two obvious general strategies for investigating GPCR−
ligand interactions with chemical cross-linkers are by attaching
the photoactivatable moiety either to the ligand or to the
receptor (Figure 1). Here we review not only the method-
ologies that have been used to generate photoactivatable GPCR
ligands but also the recent advances in the site-specific
incorporation of photoactivatable cross-linkers into GPCRs
expressed in mammalian cells, a method known as targeted
photo-cross-linking.

■ PHOTOACTIVATABLE GPCR LIGANDS

Photoaffinity labeling is a potentially powerful technique for
identifying the receptors for orphan ligands and for determining
a ligand binding site on a receptor. To perform these studies an
analogous ligand needs to be designed that contains a
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photoactivatable cross-linking moiety while retaining binding
affinity to the cognate receptor. Photoaffinity ligands have been
synthesized in several different ways depending on whether the
ligand is a small molecule, a peptide, or a protein (Figure 1). In
the sections below we describe a few examples of how
photoactivatable GPCR ligands have been generated.
Synthetic Small Molecule Ligand Analogues. Many of

the native ligands for family A, or rhodopsin-like GPCRs, are
small molecules. For example, the prototypical GPCR
rhodopsin serves as the dim-light photoreceptor in the rod
cells and binds the chromophore 11-cis-retinal, which acts like a
pharmacological inverse agonist. To create an analogue of a
small molecule that contains a photogenerated cross-linker
generally requires extensive organic synthesis, as was the case in
studies to determine the binding site and orientation of 11-cis-
retinal in the transmembrane core of rhodopsin. Several
analogues of 11-cis-retinal were synthesized to contain a
diazirine group as a substituent on the β-ionone ring.4 These
molecules were characterized for their ability to regenerate
opsin. Only one of the analogues was able to bind to opsin to
regenerate a pigment and found to cross-link to opsin upon UV
exposure. After further analysis the orientation of 11-cis-retinal
was determined to be such that the β-ionone ring was directed
toward TM helices 3 and 6.5 Cross-linking an 11-cis-retinal
analogue to opsin is a classic example of how it is possible to
retain binding of a small molecule ligand to its receptor after
introducing a photo-cross-linking group. In addition, this work
demonstrates the manner in which synthetic ligand analogues

can determine the absolute orientation of a molecule in the
ligand binding site of a receptor without either extensive site-
directed mutagenesis and ligand binding assays on receptor
mutants or a high-resolution crystal structure of a receptor−
ligand complex.
Rhodopsin is unique compared to many other GPCRs

because it is found in large abundance within the disc
membrane of the retinal rod cell and can be purified to
homogeneity in detergent solution. Other receptors are
expressed at much lower levels in the native tissues, which
complicates their identification, isolation, and characterization.
In such cases, the development of photoaffinity ligands is
advantageous to identify target receptors and to probe ligand
specificity. One particular demonstrative example is the
identification of the sex pheromone receptor in the silk moth
Antheraea polyphemus. Ganjian et al. synthesized a diazoacetate
derivative of the sex pheromone (6E,11Z)-6,11-hexadecadienyl
acetate (HDA) and demonstrated that this molecule retained
10% of the native activity of the pheromone.10 UV irradiation
of the diazoacetate HDA analogue when bound to sensory hairs
from the silk worm resulted in the identification of a 69-kDa
membrane protein.11 Prior to this discovery the involvement of
a membrane receptor in the sex pheromone transduction
mechanism was only a hypothesis.

Native or Native-like Ligands. Family A GPCRs are the
single largest target class for commercially available pharma-
ceutical agents. Approximately 22% of molecular drug targets
are rhodopsin-like GPCRs, far outweighing the next biggest

Figure 1. Strategies to incorporate photoreactive moieties into ligands and receptors. (A) The most commonly used photoreactive moieties used in
mapping ligand binding sites in GPCRs are shown. These groups have been used to study GPCR−ligand interactions by incorporating them either
into the ligand or into the receptor. (B) Strategies are outlined to create photoreactive small molecule ligands or photoreactive peptide ligands. Some
native small molecule ligands naturally contain photoreactive groups. Other photoreactive small molecule ligands are generated by chemically
labeling a molecule with a hetero-bifunctional group or by synthesizing a photoactivatable analogue de novo. Peptide ligands are labeled
postsynthesis through an enzyme-catalyzed reaction or chemical modification. Photoreactive peptide ligands are also created by direct synthesis using
natural amino acids derivatized with photo-cross-linking groups or photoactivatable unnatural amino acids (UAAs). (C) Photoreactive groups can
also be linked to receptors using traditional chemical modification approaches, typically at a reactive cysteine residue that exists in the native structure
or is introduced by site-directed mutagenesis. Expressed receptors are generally purified from cell extracts before modification. The approaches
described in B and C are all limited because modification of the ligand or receptor by the introduction of the photoreactive group might affect
function. The effects of ligand or receptor modifications may be difficult to predict in advance.
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class, ion channels.12 Pharmacological and biochemical
characterization of target receptors has generally been a
prerequisite for effective drug development, so it is no surprise
that some of the most important GPCR drug targets have been
studied extensively by photo-cross-linking methods. In some
cases, native ligands are able to cross-link without the addition
of specific reactive functional groups. For example, dopamine is
an example of a native photoaffinity ligand. Nishikori et al. were
the first to discover that UV illumination of mammalian
nervous tissues in the presence of dopamine led to the covalent
attachment of dopamine to specific cellular proteins. Dopamine
does not contain one of the common photoactivatable cross-
linking groups, and this report proposed that the photocross-
link occurs between the oxygen in the catechol moiety of
dopamine and an amino acid residue in the dopamine
receptor.13 Through the use of dopamine as a photoaffinity
probe, Nishikori and colleagues were also able to apply 3H-
dopamine to quantify the amount of purified receptor and
identify that the D1 and D2 dopamine receptors are
coexpressed in mammalian nervous tissues.13 Others followed
up on this study and used the photoactive properties of
dopamine to determine that dopamine binds specifically to a
57-kDa protein subunit in striatal membranes that they
suggested was the D1 dopamine receptor.14 There are many
advantages to performing photo-cross-linking studies when the
native structure of the ligand is retained, especially with small
molecule ligands in which addition of even a small chemical
group significantly alters the structure of the molecule.
Some drugs are themselves photoactivatable cross-linkers

without further modification, although efficiency of the
photolysis and cross-linking can be very low. Members of the
adrenergic receptor subfamily of GPCRs have been extremely
popular drug targets because of their significance in regulating
the cardiac, pulmonary, and circulatory systems. For example,
the β-adrenergic receptors have been the focus of many photo-
cross-linking studies involving photoreactive drug analogues.
Isoprenaline, a β-adrenergic receptor agonist used as a cardiac
iontropic agent and pressor substance, is one example of a
GPCR drug that has been shown to label covalently a receptor
upon photolysis without further modification of the molecule.15

Other β-adrenergic receptor antagonists, generally termed β-
blockers, have required alternative syntheses to incorporate a
photoreactive group, resulting in the development of a plethora
of β-adrenergic azide-16−21 and diazirine-containing probes.22

Obviously, the ideal probe ligand contains a photoreactive
moiety at a location distinct from its pharmacophore so that
pharmacological activity is maintained. Such synthetic ligand
tools have been useful for the study of the β-adrenergic and
other types of related receptors and exemplify how a variety of
different photo-cross-linkers based on small molecule analogues
of GPCR ligands can be used to study ligand binding sites.
Derivatizing Peptide Ligands with Photoactivatable

Groups. A large number of GPCRs are activated by
endogenous peptide hormones, neuropeptides, or peptide-
derived ligands (peptides that are post-translationally modi-
fied). Peptide ligands that target GPCRs have been labeled with
photo-cross-linking groups postsynthetically either through
enzyme-catalyzed reactions or through chemical modifications.
The application of modifying enzymes for labeling purposes
provides unique specificity and allows for labeling at positions
that cannot generally be targeted with chemical reagents. For
example, Gorman et al. demonstrated the use of guinea pig liver
transglutaminase for the attachment of aryl azides onto the γ-

carboxamide of glutamine residues in peptide ligands. Novel
substrates for transglutaminase were synthesized and then
reacted with peptide ligands, such as substance P and glucagon
1−6.23 This technique was also applied to generate a
photosensitive calcitonin analogue using the transglutaminase
substrate N-(β-aminoethyl)-4-azido-2-nitroaniline. Photolysis
of this calcitonin analogue when bound to T47D breast cancer
cells led to the identification of an 85-kDa calcitonin binding
protein.24 The photoaffinity probe in this example facilitated
the identification of the calcitonin receptor, which had not been
done previously due to difficulty in stabilizing the receptor−
ligand interaction.
Hetero-bifunctional reagents are perhaps the most common

and effective tools for cross-linking peptide ligands to their
cognate receptors. These types of reagents can derivatize
peptide ligands prior to receptor binding or once the ligand−
receptor complex is formed. The prototypical structure of
hetero-bifunctional reagents commonly includes a chemical
cross-linking group attached via a linker to a photoactivatable
cross-linking group. Here we describe several examples of
hetero-bifunctional molecules that have been used to study
GPCR−ligand interactions.
Labeling of primary amino groups in peptide ligands, either

at the free amino group at the N-terminus or at lysine residues,
can be carried out in several different ways. N-Hydroxysucci-
nimide ester or succinimidyl-containing molecules react with all
accessible primary amines. The N-terminus of oxytocin was
labeled specifically using the N-hydroxysuccinimide ester of 2-
nitro-5-azidobenzoylglycine because no lysines are present in
this peptide.25 Other cases, in which more than one primary
amine is present, require protecting groups to label only one
position. The parathyroid hormone was labeled specifically on a
lysine with succinimidyl p-(3-iodobenzoyl)benzoate by using an
Fmoc-protecting group on the N-terminal residue.26 One
reagent that specifically labels the ε-amino group of lysines
without reacting with the free amino group at the N-terminus is
4-fluoro-3-nitrophenylazide. This reagent was shown to label a
lysine in glucagon, and the location of the photoactivatable
group was characterized by Edman degradation.27,28

Another common functional group found in peptides is a
carboxyl group, but derivatizing peptides at carboxyls is
uncommon due to the high abundance of aspartic and glutamic
acid residues in most peptides. In general, the greater the
number of positions in a peptide that are labeled, the more
difficult it is to purify a homogeneous analogue and the more
likely it is that its binding to the receptor will be perturbed. One
reagent used for carboxyl group modification is N-(5-azido-2-
nitrophenyl)-2-ethylenediamine. In one report, this reagent
labeled the carboxyl groups on α-thrombin via a carbodiimide
condensation reaction. The photoreactive α-thrombin deriva-
tive was not found to have significantly altered binding to cell
surface receptors. In addition, this ligand was found to cross-
link specifically to a ∼50-kDa receptor on mouse embryo
cells.29 Alternatively, peptide ligands can also be derivatized on
tryptophan residues, which can be specifically labeled with
sulfenyl chloride reagents that react with the side chain indole
ring. Glucagon and corticotropin are two examples of peptide
hormones that have been labeled with 2-nitro-5-azidophenyl-
sulfenyl chloride for photoaffinity studies.30,31

Hetero-bifunctional reagents can also be added to a
receptor−ligand complex after the complex is formed. In this
scenario cross-linking should occur between the ligand and
receptor of interest. However, since these types of reagents
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tend to bind relatively nonspecifically, the results of positive
cross-links can be complex and difficult to interpret. Despite the
obvious drawbacks and low signal-to-noise problem inherent in
attempts to cross-link with nonspecific reagents, the procedure
can be relatively straightforward since tedious chemical
synthesis of photoactivatable ligands is not formally needed.
Another advantage of this approach is that native complexes
between ligand and receptor are formed before the cross-
linking reaction, and neither the ligand nor the receptor is
altered before photolysis. This strategy was used to cross-link
glucagon to the glucagon receptor in rat liver membranes. The
hetero-bifunctional cross-linking reagent hydroxysuccinimidyl-
p-azidobenzoate was added to membranes that were
preincubated with 125I-glucagon. Photolysis resulted in the
covalent cross-link of the labeled glucagon to a 53-kDa
protein.32

Introducing Photoreactive Side Chains into Peptide
Ligands. Photoreactive molecules can also be introduced into
peptide ligands during peptide synthesis through the
incorporation of amino acid derivatives or UAAs. This strategy
enables the incorporation of the photo-cross-linker at any
position in the peptide, whereas derivatization postsynthesis
depends on the location of an available functional group.
Benzophenone has been introduced into GPCR ligands in both
of these manners. One report derivatized a lysine precursor
prior to peptide synthesis with p-benzoylbenzoic acid.33 The
benzophenone-labeled lysine was introduced into parathyroid
hormone and calcitonin during peptide synthesis.34,35 Kauer et
al. synthesized another benzophenone-containing UAA, p-
benzoyl-L-phenylalanine (BzF).36,37 BzF has subsequently been
used in the development of many GPCR-targeted photoaffinity
ligands. BzF scanning can be carried out where BzF is
incorporated successively at each position of a peptide ligand
analogue. In one notable example, BzF scanning was carried out

on substance P, which led to the identification of two specific
positions in which BzF in the peptide sequence resulted in
analogues that cross-linked to the NK-1 receptor.38 Additional
analysis of the cross-linked complex using protease digestion
and analysis of proteolytic products led to the identification of
the location in the receptor in which the cross-link
occurred.39,40 The process of identifying the location of the
cross-link in the receptor can be extremely involved and
complicated, and in most cases precise identification of the site
of a cross-link is not technically possible. Therefore, newer
strategies described below have been devised to improve the
likelihood of identifying sites of cross-linking; these strategies
dramatically enhance the utility and sensitivity of cross-linking
experiments.
The introduction of BzF into peptide ligands to create

photoaffinity probes has been used commonly for the study of
class B GPCRs, also known as the secretin- or glucagon-like
receptors. The characteristic structure of class B GPCRs
includes a medium-length N-terminal domain, also referred to
as the ectodomain, which is important for binding peptide
hormones. Extensive photo-cross-linking experiments have
been performed to understand how a peptide hormone binds
to its cognate ectodomain. For example, the binding of secretin
analogues to the ectodomain of the secretin receptor has been
studied in detail using cross-linking approaches.41 In these
studies BzF was incorporated at various positions in secretin,
and the resulting 125I-labeled analogues were characterized and
cross-linked to the receptor in native membranes. The general
location of cross-linking in the receptor was identified through
extensive digestion of the covalent receptor-analogue−ligand
complex followed by detection of the 125I-labeled fragment in
the resulting peptide mixture using sodium dodecyl sulfate
polyacrylamide gel electrophoresis.42 To improve the local-
ization of the cross-link site, additional cyanogen bromide

Figure 2. Strategies to facilitate photochemical cross-linking of GPCR−ligand complexes. (A) Photoactivatable cross-linkers can be incorporated
into GPCRs expressed in mammalian cells using amber codon suppression technology. In principle, any amino acid residue in the receptor can be
substituted by a UAA, typically azF or BzF. Cells must be cotransfected with the receptor gene contained an amber codon mutation along with the
appropriate orthogonal amino acyl-tRNA synthetase (aaRS) and suppressor tRNA genes. Media is supplemented with the desired UAA. (B) Using a
receptor with a genetically encoded photoreactive amino acid allows UV-induced cross-linking to unmodified ligands directly in cells. One advantage
of this approach is that many sites can be tested in parallel, and if cross-linking occurs, the site of the cross-link on the receptor is known. (C)
Photoreactive ligands prepared as outlined in Figure 1 can also be cross-linked to expressed GPCRs.
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cleavage sites were created in the receptor by using site-directed
mutagenesis to introduce methionine residues.43,44 A similar
strategy was also used to study the binding interactions
between the vasoactive intestinal peptide (VIP) and the human
VPAC1 receptor.45−47 A molecular model of the VIP−hVPAC1
complex was created using the NMR structure of VIP and the
distance constraints identified from the cross-linking study.48

This study is a notable demonstration of how photo-cross-
linking data can be applied to create a more detailed model of a
GPCR−ligand complex.
A UAA containing an aryl azide, p-azido-L-phenylalanine

(azF), has also been synthesized.49 Since this amino acid is
unstable under the conditions required for peptide synthesis,50

another method was needed to incorporate azF into peptides. A
precursor ion, L-4-nitrophenylalanine, was incorporated at the
position of interest during synthesis, and then the nitro group
was converted to an azido group through additional chemical
reactions.51 This method has been used to create photoaffinity
analogues of angiotensin II and kinins.52,53

More recently derivatives of leucine and methionine have
been generated to contain a diazirine group. These amino acids
are referred to as photoleucine and photomethionine,
respectively,54 and were originally created for the incorporation
of photoreactive groups into proteins expressed in cells since
they can be recognized by the endogenous transfer RNA
(tRNA) synthetases for leucine and methionine. Photoleucine
has been incorporated into the novel GPCR lipopeptide ligands
pepducins to investigate their mechanism of action.55 This
photo-cross-linking study demonstrated that a pepducin agonist
of the C−X−C chemokine receptor 4 (CXCR4) cross-linked to
the receptor, but the exact site of the cross-link was not
identified. In the section that follows, we will discuss the
methods available for the site-specific incorporation of
photoactivatable cross-linkers into GPCRs to enable the
identification or mapping of ligand binding sites.

■ GPCRS ENGINEERED TO CONTAIN
PHOTOCROSS-LINKERS

A complementary technique to the use of photoaffinity ligands
is to introduce photoactivatable groups at specific positions in a
GPCR itself. An advantage to performing cross-linking
experiments from the orientation of the receptor is that the
exact site on the receptor of any potential covalent linkage is
known in advance. Since the receptor is much larger than the
ligand for any GPCR−ligand complex, and since the general
aim of cross-linking experiments is to map the binding site of a
ligand to its receptor, knowing the site of origin for a cross-link
and the receptor can be a tremendous advantage. In general, as
with the case of derivatizing the GPCR ligand, there are also
two methods for introducing the photoreactive group into the
receptoreither derivatize the receptor post-translationally or
incorporate the unique functional group during protein
translation (Figure 2). These methods both rely on
heterologous overexpression of engineered receptors in culture
using standard techniques of molecular biology as discussed
below.
Labeling Cysteines with Photocross-Linkers. One way

to introduce a photo-cross-linker into a GPCR is to use
sulfhydryl chemistry and target the available cysteine residues
after the receptor has been expressed and purified. Since all
known GPCRs contain multiple cysteine residues, to attain
specific labeling at only one site in the receptor requires that all
other cysteine residues need to be removed by site-directed

mutagenesis. This technique was used to introduce an aryl azide
at a specific cysteine in rhodopsin with the photo-cross-linking
group N-((2-pyridyldithio)ethyl-4-azidosalicylamide (PEAS).
In this report, the binding interactions between rhodopsin
and the G protein, transducin, were investigated.56 The
receptor was first extracted from the cell membrane using
detergent and bound to an immunoaffinity resin before being
derivatized with the PEAS reagent. In principle this strategy
could also be applied to investigate ligand−receptor inter-
actions as long as the labeling reaction did not alter an essential
conserved disulfide bond on the extracellular surface of the
receptor. However, removal of all but one reactive cysteine
residue, which can then be strategically situated as desired in
the receptor sequence, is a painstaking process that can take
years to accomplish. Many GPCRs have at least one cysteine
residue that is essential for the correct formation of a receptor’s
tertiary structure.57,58 In addition, many ligand binding events
that lead to a ternary complex between receptor and G protein
require the receptor to be in a native-like membrane
environment. Incorporating the photoreactive group into a
receptor during protein translation overcomes this limitation as
discussed in the next section.

UAA Mutagenesis. The strategy of using amber stop
codon suppression to incorporate amino acids with unique
functional groups into proteins expressed in cells was
developed most notably by Schultz and co-workers.59 This
methodology involves the engineering of orthogonal suppressor
tRNA and amino acyl tRNA pairs and was originally advanced
primarily for use in E. coli expression systems. For photo-cross-
linking studies, the tRNA synthetases were developed for the
two relevant UAAs, BzF and azF.60,61 Since these reports, the
amber codon suppression technique has been adapted and
enhanced to incorporate BzF and azF into GPCRs expressed in
yeast62,63 and mammalian cells.64

The prototypical yeast GPCR, Ste2p, was the first yeast
receptor reported to have a UAA incorporated at a specific site
in the receptor. In this study BzF was introduced into Ste2p
expressed in Saccharomyces cerevisiae.62 The Ste2p BzF mutants
were then examined for cross-linking to the Ste2p peptide
ligand, α factor. Several positions in the receptor were reported
to result in covalent cross-links to biotinylated α factor.62 This
was the first example of a covalent cross-link between an
engineered GPCR with UAAs and a ligand.
The introduction of UAAs into GPCRs expressed in

mammalian cells was first demonstrated using rhodopsin and
C−C chemokine receptor 5 (CCR5). Heterologous expression
of rhodopsin and CCR5 UAA mutants in human embryonic
kidney (HEK) 293T cells resulted in the expression of
functional receptors at the cell surface.64,65 The application of
BzF and azF to identify a ligand binding interface on a GPCR
was validated using CXCR4 and the CXCR4-specific inhibitor
T140. The data from this targeted photo-cross-linking
experiment were evaluated using the crystal structure of
CXCR4 bound to a homologous T140 peptide, CVX15.66,67

A comparison of the cross-linking data to the crystal structure
led to an estimation of the distance dependence of the BzF
cross-linking reaction, which suggested that the photogenerated
carbene in BzF needs to be within 3 Å of its target to form a
covalent bond. This observation is in agreement with other
reports on the distance requirement for benzophenone-based
cross-linking.68

The BzF- and azF-targeted photo-cross-linking strategy has
also been applied to identify ligand binding sites on the
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corticotropin-releasing factor receptor68 and CCR5.69 In the
CCR5 study, the binding site of the FDA-approved small
molecule drug maraviroc was investigated. CCR5 is a human
immunodeficiency virus type 1 (HIV-1) coreceptor required for
cellular entry, and maraviroc is the first patient-approved HIV-1
cellular entry inhibitor that targets a GPCR. This report
demonstrates that photoactivatable UAAs can be used to
investigate the binding site of therapeutic drugs without
modification to the drug’s structure and could be useful in
the design and development of future GPCR-based therapeu-
tics.

■ INSIGHTS INTO THE STRUCTURE AND FUNCTION
OF GPCR−LIGAND COMPLEXES

Over the past five years there has been a significant increase in
the number of solved GPCR crystal structures, and the rate of
newly available structures is increasing dramatically as enabling
technologies have become disseminated. These structures
provide atomic-level information about one static structure of
a receptor, usually in complex with a ligand or drug. The
conditions required for standard crystallographic techniques are
not always amenable for the analysis of every receptor−ligand
complex. Photoactivatable cross-linking studies are one
alternative approach to gain structural information about
these complexes. The distance dependency of these photolytic
reactions allows for the precise mapping of biological
interactions. In fact, targeted photo-cross-linking and crystallog-
raphy are complementary methods because the systematic
interpretation of cross-linking data requires knowledge of
structure. The availability of just a single structure of a GPCR in
complex with a ligand can facilitate cell-based photo-cross-
linking studies with large numbers of ligands or ligand
analogues. The only limiting factor is the problem of detecting
a cross-link in cases where appropriately labeled ligands are not
readily available.
Since the origins of photo-cross-linking 50 years ago, many

studies have been performed to investigate the interactions
between GPCRs and their ligands. This review only covers a
small portion of the many noteworthy papers. However, the
recent coincident advances in the structural biology of GPCRs
and the UAA mutagenesis of GPCRs have led to a resurgence
of interest in targeted photo-cross-linking to probe receptor−
ligand binding sites. By interpreting targeted cross-linking data
in light of available crystal structures, more accurate models of
receptor−ligand complexes can be created. The complemen-
tarity of these two structural techniques has the potential to
advance our understanding of the structure and function of
GPCR−ligand interactions.
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