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Abstract

G protein-coupled receptors (GPCRs) are important mediators of cell signaling and a major family of drug
targets. Despite recent breakthroughs, experimental elucidation of GPCR structures remains a formidable
challenge. Homology modeling of 3D structures of GPCRs provides a practical tool for elucidating the
structural determinants governing the interactions of these important receptors with their ligands. The
working model of the binding site can then be used for virtual screening of additional ligands that may fit
this site, for determining and comparing specificity profiles of related receptors, and for structure-based
design of agonists and antagonists. The current review presents the protocol and enumerates the steps for
modeling and validating the residues involved in ligand binding. The main stages include (a) modeling the
receptor structure using an automated fragment-based approach, (b) predicting potential binding pockets,
(¢) docking known binders, (d) analyzing predicted interactions and comparing with positions that have
been shown to bind ligands in other receptors, (e) validating the structural model by mutagenesis.
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1. Introduction

G protein-coupled receptors (GPCRs) are the largest family of
membrane proteins serving as key signal-transduction proteins and
representing a major class of drug targets (1). Recent break-
throughs in GPCR crystallography (2-5) provide exciting oppor-
tunities for structure-based drug design methods that can now use
increasingly reliable homology models of GPCR targets (6, 7).
Successful computational models of GPCRs have been used for
virtual screening, enriching the rate of ligand hits relative to a ran-
dom collection of compounds, with hit rates ranging from 3 to
21% (8, 9), comparable to virtual screening success rates with X-ray
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Fig. 1. Scheme of binding-site elucidation procedure.

structures (8). Furthermore, research aimed at elucidating the
underlying principles determining the molecular responsiveness
range of GPCRs that mediate senses, such as odor (10) and taste
(11, 12) receptors, depends on the ability to build reliable models of
the interaction sites. A crucial step in understanding specificity and
promiscuity in molecular recognition and structure-based design is
to identify the residues that are important for ligand binding.

Sequence-based classification systems have been developed to
facilitate the analysis of GPCRs, the two most widely used being
the GRAFS (13) and the UIPHAR (14). The GRAFS classifies
GPCRs into families: Rhodopsin (which corresponds to UIPHAR
class A), Secretin (UIPHAR class B), Adhesion (UIPHAR class B),
Glutamate (UIPHAR class C), and Frizzled/Taste2. While
researchers have successfully applied homology-based GPCR struc-
ture modeling approaches to ligand-binding elucidation similar to
the one described below to understanding the role of modulators
in class C (15) and class B GPCRs (9, 16), this review is focused on
application of homology-based models primarily to class A (17-19)
and Taste2 (T2R) GPCRs (12, 20, 21).

Several approaches to modeling GPCRs have been described
(7), including ab initio (8, 22) and template based (6, 19, 23).
Following previous work (7, 12), here we illustrate the use of a
fragment-based approach, using the I-TASSER server (24) for
homology modeling of the human bitter-taste receptor " TAS2R46,
which belongs to the Frizzled/Taste2 family. The steps toward
homology model-assisted elucidation of the binding-site residues
discussed in this protocol are described in the flowchart in Fig. 1.

2. Materials

2.1. Sequence of the
GPCR Being Studied

The protein sequence of interest may be obtained via NCBI
(http://www.ncbi.nlm.nih.gov/protein) or Uniprot (http://
www.uniprot.org/) databases, or from the GPCRDB database

(http://www.gpcr.org/7tm/).
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2.2. Ballesteros—
Weinstein Numbering

2.3. A List of Known
Binders
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in This Protocol

2.5. Mutation
Databases

2.6. Structure-Based
Sequence Alignment

2.7. Ligand
Preparation
and Docking
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To facilitate comparisons between different GPCRs, we use
Ballesteros—Weinstein (BW) numbering (25), in which the most
conserved residue in a given transmembrane (TM) domain X is
assigned the index X.50, and the remaining TM residues are num-
bered relative to this position. For example, the most conserved
position in TM6 is designated 6.50.

To dock ligands into the predicted binding site, a list of ligands
that are known to bind or activate (known binders or activators)
the receptor is needed. These data may be obtained from the
GLIDA database, which provides interaction data between GPCRs
and their ligands along with chemical information on the ligands
(26), directly from the literature, or experimentally.

Structure modeling: I-TASSER (http://zhanglab.ccmb.med.
umich.edu/I-TASSER).

Cavity detection: QSiteFinder (http://www.modelling.leeds.ac.uk/
gsitefinder/).

PocketFinder (http://www.modelling.leeds.ac.uk /pocketfinder/).

Cavity detection allows for the identification of nonorthodox and
allosteric binding sites (see also (27)).

e TinyGRAP database (28) (http://www.cmbi.ru.nl/tinygrap/
search/).

e Some mutations can be extracted using GPCRDB (http://www.
gpcr.org/7tm/) or the MuteXt repository of mutations (29).

TCoffee (http://tcoftee.vital-it.ch /cgi-bin /Tcoftee /tcoffee_cgi/
index.cgi).

Software

The Discovery Studio 2.5 software package (Accelrys, Inc.) is used
in this protocol as follows:

e QGeneration of Ramachandran plots of the modeled protein to
assess its quality by checking the predicted torsion angles.

e Ligand preparation prior to docking experiments, using the
“Prepare Ligands” protocol, which removes duplicate struc-
tures, enumerates isomers and tautomers, sets standard formal
charges on common functional groups, sets ionization states at
a given pH range, and generates 3D conformations.

¢ Docking of small molecule ligands to the receptor. In this
protocol we use the “Flexible Docking” option, which allows
for some receptor flexibility during docking of flexible ligands.
A typical docking simulation of one compound using the
“Flexible Docking” module requires 10 min on a Pentium 4,
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2.8. Site-Directed
Mutagenesis and
Functional Assays

2 GB RAM, 2.8 GHz dual core computer (for precomputed
protein conformations, and program ran with parallel
processing).

e Docking pose analysis is performed using the “Analyze ligand
poses” protocol. The protocol enables calculation of the RMSD
of the poses to each other or to a reference pose, identification
ofligand-receptor hydrogen bonds at varying degrees of detail,
and analysis of contacts between the ligand and the receptor
(including clashes).

e Plotting a ligand-receptor interaction diagram in 2D using the
“draw ligand interaction diagram” tool in the “analyze binding
site” module.

Hardware

For best performance, the Discovery Studio software should be
installed on a server with an Intel-compatible 22 GHz processor
with x86 or x86_64 architecture, and an SGE 6.1 grid engine.
A minimum of 2 GB of memory for Discovery Studio Client and
2 GB for the Pipeline Pilot Server is required. Ideally, a total of
4 GB should be available if the client and server are installed on the
same machine.

The computational process described in this protocol generates a
structural model for the GPCR and the ligand binding site that is
next validated using site-directed mutagenesis work. The cDNAs
spanning the coding region of the receptor of interest should be
cloned into a vector that allows expression in eukaryotic cell lines.
Oligonucleotides for mutagenesis and vector-specific primers can
be ordered online. Thermostable DNA polymerase with proof-
reading activity such as Pfu-DNA polymerase is preferred.
Deoxyribonucleotides (dGTP, dATP, dTTP, and dCTP): prepare a
stock solution of, e.g., 2.5 mM each (10 mM total) and store in
aliquots at -20°C. There are no specific requirements for the
thermocyclers used for the polymerase chain reaction (PCR)
amplification.

For agarose gel electrophoresis, use high-quality agarose suit-
able for DNA-fragment recovery. After gel electrophoresis, the
DNA bands of interest are excised from the ethidium bromide-
stained gels on a UV-transilluminator (eye protection is necessary!)
and purified using a commercially available spin column purification
kit. Appropriate restriction endonucleases, T4-DNA ligase, and
chemically competent bacterial cells are required for subcloning.
For the transfection of eukaryotic cells, use highly purified plasmid
DNA of mutated constructs which have been analyzed by DNA
sequencing to confirm their integrity.
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2.9. Functional
Heterologous
Expression
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We use cells of the human embryonic kidney cell line HEK 293 T
stably expressing the G protein chimera Gal 6gust44 for functional
expression. High-quality fetal bovine serum, Dulbecco’s Modified
Eagle’s Medium (DMEM), and a sterile workbench, as well as
incubators providing constant temperature (37°C), humidity, and
CO, levels (5%), are necessary for cultivation of cells. For materials
used in calcium-imaging assays, see Subheading 3.

3. Methods

We illustrate the flowchart in Fig. 1 using the hTAS2R46 example,
generally following the steps performed in our recent paper (12):

1. Obtain the sequence of the hTAS2R46 receptor from the
Uniprot database (accession no. P59540).

2.

Submit to I-TASSER Web site in order to generate a homol-
ogy model of the protein: go to the I-TASSER Web
page (http://zhanglab.ccmb.med.umich.edu,/I-TASSER /) and
follow these steps:

(@)

Copy-paste the protein sequence onto the provided form
or directly upload the sequence from a file.

Provide an e-mail address where results will be sent upon
job completion.

Provide a name for the protein (optional).

Specify additional restraints to guide I-TASSER modeling
(optional): a file containing contact/distance restraints
may be optionally uploaded by the user, as well as
specification of the template to be used during the model-
ing process (this can be achieved by either PDB code
specification or by uploading a PDB file, with or without
an alignment file; see below).

The user may also exclude some homologous templates
from the I-TASSER template library (optional). This new
option is most useful for validation studies, such as testing
homology model performance when an experimental
structure is available in the database, or when a particu-
lar structure is to be excluded from the templates due
to its quality, conformational state, or other reasons.

To submit the sequence for modeling, click the “Run
I-TASSER” button. The browser will be directed to an
acknowledgment page that will display confirmation of
the submitted sequence, a job identification number,
restraint information, and a link to the page that will con-
tain the detailed results when the job is complete.


http://zhanglab.ccmb.med.umich.edu/I-TASSER/
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An example of a model generated by I-TASSER for
hTAS2R46 is shown in Fig. 2a. This model is based on the
(automatically selected) X-ray structures of human [2-
adrenergic receptor (B2ADR; PDB code 2RH1), turkey
Bl-adrenergic receptor (2VT4), human A2A adenosine
receptor (3EML), squid rhodopsin (2773), and bovine
rhodopsin (119h).

3. The generated model is validated by examining the
Ramachandran plot. Such plots may be generated using a
stand-alone modeling software package, such as Discovery Studio
2.5 (Accelrys, Inc.), or by use of different Web servers, such as
PROCHECK (http://www.ebi.ac.uk /thornton-srv/software /
PROCHECK/). Figure 2b shows a Ramachandran plot
generated for the hTAS2R46 model using PROCHECK,
where dihedral angles for most residues appear in the core
(“allowed”) regions of the plot, as expected.

4. Validate the model by comparing the most conserved residue
positions in GPCRs named as BW positions with template
structures. A structure-based multiple-sequence alignment of
the Class A X-ray structures may be obtained by the structure-
based sequence alignment option on the TCoftee Web server
(http://tcoffee.vital-it.ch /cgi-bin /Tcoffee /tcoffee_cgi/
index.cgi); Fig. 3. As expected, the most conserved positions
in each TM helix (BW X.50 positions) are in alignment. Next,
the model can be aligned to this multiple sequence alignment
using the Combine Option on the TCoffee server. All (within

av v Vvl monl
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Fig. 2. Model and model quality assessment.
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Fig. 3. Structure-based multiple-sequence alignment and BW numbering.

Class A) or several (in other classes) BW positions are expected
to align in a correct model. For the Frizzled /Taste 2 receptor
hTAS2R46 model the aligned positions include N211-%0,
P18753° and P2767°.
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5. Loop deletion: Modeling of loops remains one of the greatest

challenges in modeling GPCRs due to their length and recep-
tor-to-receptor variability. Several studies have shown that
unless the models are based on a closely related template (e.g.,
B2ADR and B1ADR) (6, 30, 31), models without loops are
preferable for use in docking studies. In particular, deletion of
the second extracellular loop (ECL2) ((7) and see Note 1) is
recommended. ECL2 is defined as the loop connecting TM4
and TM5, residues N150 to R169 in the case of hTAS2R46.
The model may be structurally aligned to its X-ray templates to
facilitate identification of loop boundaries.

. Predict the binding pockets: Prediction of the putative ligand-

binding pockets within the TM bundle is performed using the
QSiteFinder Web server (32 ), which uses the interaction energy
between the protein and a van der Waals methyl probe (-CH,)
to locate energetically favorable binding sites, and is especially
useful for detection of relatively small sites. Protein residues
within 5 A of each predicted binding site are identified as
potentially contacting residues. To validate QSiteFinder per-
formance for GPCRs, we submitted the B2ADR structure
(with antagonist deleted; PDB code 2RH1) and found that the
predicted antagonist and cholesterol-binding pockets were in
good agreement with the published experimentally determined
structures (PDB codes 2RH1, 3D4S; data not shown) (33, 34).
For h'TAS2R46, the server predicted several different sites, of
which we chose to further analyze the top binding-site clusters.
As shown in Fig. 4, the largest and most energetically favorable
binding site is predicted to be located between TM3 and TM7,
in agreement with previous work on a related bitter-taste recep-
tor (35, 36): most data for GPCRs in general point toward the
same pocket as being the binding site for multiple ligands of
many GPCRs (see Note 2). The importance of some positions
(such as 3.32, 7.39—BW numbering) was illustrated for a wide
range of receptors (see Note 2), but differences between related
receptors in the roles of the residues within the main binding
site were also shown (see Note 3). For some receptors only
subtle changes occur in agonist bound vs. antagonist confor-
mations (4, 37) but may be more pronounced in other recep-
tors, as the A,, adenosine receptor agonist-bound structure
indicates (5). In the latter case, models based on an inactive
state crystal structure may not be optimal as pockets for dock-
ing of agonists (see Note 4).

. Check for known mutations using mutational databases such

as GPCRDB (http://www.gpcr.org/7tm/) and tinyGRAP
(http://www.cmbi.ru.nl/tinygrap /). Such mutations may
provide supporting evidence for residues predicted in step 6 to
be involved in ligand binding (28, 38). On the GPCRDB
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Fig. 4. QSiteFinder mapping of the hTAS2R46 model binding sites.

home page, choose the browse option (by families). Choose
the appropriate GPCR family from the hierarchy view, and fol-
low the “open alignment” link in the “alignment” field that
appears following selection of the GPCR family. Select the
JalView option for visualization of mutational data on the
alignment. The known mutated positions are indicated in
white font. Each such position is linked to an annotation of the
mutation, including the amino acid to which the position was
mutated, BW notation, TM domain, and links to the relevant
literature. For the case of hTAS2R46, we did not find muta-
tional data in these databases.

. Dock a known ligand into the binding pocket of choice. In our

working example, following Brockhoff et al. (12), we docked
strychnine (a known ligand of the receptor) into the most
energetically favorable binding site. We use the “Flexible
Docking” algorithm as implemented in Discovery Studio 2.5
(Accelrys, Inc.). Additional docking algorithms, such as GOLD
(39), GLIDE (40, 41), LigandFit (42), and CDocker (43),
have also been successfully used, as reported in the literature.
For a comprehensive recent review see Senderowitz et al. (8).
Prior to docking, the ligands should be carefully prepared so
that they are good representations of the actual ligand struc-
tures that would appear in a protein-ligand complex. The fol-
lowing is a “checklist” for ligand preparation:

a) A 3D structure of the ligand is needed, without any accom-
g y
panying fragments such as counterions and solvent molecules.
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3.1. In Vitro
Mutagenesis

The most stable, or preferably a number of, 3D conformations
should be used for docking.

(b) The bond lengths and bond angles are appropriate.
(c) The ligand has all the hydrogens added (filled valances).

(d) The ligand is in its appropriate protonation state for physi-
ological pH values (~7). Inappropriate protonation states
may, for example, result in docking of a polar molecule
into a hydrophobic region, or cause it to serve as a hydro-
gen bond acceptor.

(e) Generate tautomers, alternative chiralities, and low-energy
ring conformations, where applicable.
Steps (a—e¢) may be facilitated by using “LigPrep”
(Schrodinger, Inc.) software, a recommended option for
ligand preparation.

9. After docking, and according to the obtained poses, identify
residues that are involved in ligand binding and suggest muta-
genesis. Poses generated in the docking experiments are clus-
tered, e.g., by means of root mean square deviation (RMSD)
of all poses from the top scoring pose (using “analyze ligand
poses” protocol, Discovery Studio 2.5, Accelrys, Inc.). Several
distinct poses are chosen for further examination, which
includes identification of all residues within 5 A of the docked
ligand, and determination of specific ligand-receptor con-
tacts, such as hydrogen bonds and n—r and m—cation interac-
tions. The latter may also be achieved by generation of ligand
plots—2D representations of all ligand-contacting residues,
e.g., using LigPlot (44). Residues are then chosen for experi-
mental validation by site-directed mutagenesis, followed by
binding/activity assays. The candidate residues are chosen
based on their chemical nature, distance, and orientation
from the ligand. In addition, it is important to test those
positions which discriminate between two distinct ligand
poses (for example, occupying two separate regions in the
same cavity). For hTAS2R46, such residues include W883-32]
A89333 N92336  H93337 N9630, 124565 E2657%, and
A26874* (see Fig. 5 for one example of a chosen pose and sur-
rounding residues). Variations in binding residues for differ-
ent ligands (even of the same pharmacology) are not
uncommon (see Note 5).

Site-directed mutagenesis can be performed by various methods
which rely on the exchange of nucleotides within the coding
sequence of the target receptor by way of synthetic oligonucle-
otides. We typically perform site-directed mutagenesis by PCR-
mediated recombination, a method originally described by Fang
and colleagues (45). This versatile method is not restricted to the
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Fig. 5. Strychnine docked into the proposed binding pocket of hTAS2R46.

mutagenesis of one to several nucleotides in the context of an existing
double-stranded DNA template (46); it is also useful, as originally
intended, to generate chimeric receptor constructs (12) or other
major modifications, such as the introduction of epitope tags (47).
For successful point mutagenesis, design of synthetic oligonucle-
otides is crucial. Numerous companies offer rather inexpensive
custom oligonucleotide syntheses with rapid turnaround via the
Internet. The nucleotide sequence to be modified should be
located in the center of a complementary primer pair and flanked
by a sufficient number of nucleotides that are an exact match to the
sequence of the DNA template to allow efficient annealing during
the subsequent PCR. Depending upon the context of the codon(s)
being subjected to mutagenesis, oligonucleotides of 21-30 bases
are usually sufficient. For a schematic overview of the PCR steps
involved in this procedure see Fig. 6.

In the first step, each of the two complementary oligonucle-
otides is used in combination with a primer specific for upstream
and downstream vector sequences, respectively, to produce two
subfragments corresponding to the 5" and 3’ parts of the mutated
cDNA (Fig. 6b). When calculating the annealing temperature, it is
important to take the number of mismatches between primer and
template sequences into account. A reduction of the annealing
temperature by 1-1.5°C per percent mismatch is usually sufficient
for efficient amplification. The annealing temperature prior to
mismatch correction is 3-5°C below the calculated melting
temperature, which is generally provided by the company on the
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Fig. 6. In vitro mutagenesis flowchart.

accompanying data sheet assigned for oligonucleotide synthesis.
An example procedure is described below.

PCR sample:

XpL Template DNA (~10 ng)

0.5 uL Forward /reverse mutagenesis primer (10 uM)

0.5 uL Reverse /forward vector primer (10 uM)

2.5 uL 10x Pfu-DNA-polymerase buffer (including magnesium)
2.0 uL ANTP-mixture (2.5 mM each)

1.0 uLL Pfu-DNA polymerase (3 U/uL)

Add 25 uL deionized H,O

PCR conditions:

1. 5 min 95°C Denaturation (perform “hot-start” during this
time)

2. 1 min X°C annealing

3. 2 min 72°C Polymerization (~2 min/1 kb; check with supplier
of DNA polymerase for optimal temperature)

4. 0.5 min 95°C
5. 5 min X°C Annealing

6. 10 min 72°C Polymerization

Repeat steps (2-5) 15-20 times (alternatively, after 3-5 initial
PCR cycles, you may want to increase the annealing temperature
for the remaining cycles as the mutagenesis primers are already
incorporated).

After purification of the subfragments from non-incorporated
mutagenesis primers and traces of the original template DNA by,
e.g., isolating the PCR products from agarose gels, the subfragments
are mixed in approximately equimolar amounts and further amplified
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by PCR using the pair of vector-specific primers (Fig. 6¢). If the
annealing temperature of the vector-specific primers exceeds the
annealing temperature of the mutagenesis primers, which now form
the overlap between the subfragments, at least 3-5 PCR cycles at the
beginning of the amplification must be performed at a lower anneal-
ing temperature. However, a mismatch between the original template
DNA and the mutated sequence does not need to be taken into
account, as the mutation is already incorporated. A typical recombi-
nant PCR step is shown below:

PCR sample:

0.5 uL Subfragment A (~5 ng)

0.5 pL Subfragment B (~5 ng)

0.5 uL Forward vector primer (10 uM)

0.5 uL Reverse vector primer (10 uM)

2.5 ul. 10x Pfu-DNA-polymerase buffer (including magnesium)
2.0 pL ANTP mixture (2.5 mM each)

1.0 uLL Pfu-DNA polymerase (3 U/uL)

Add 25 pL Deionized H,O

PCR conditions:
1. 5 min 95°C Denaturation (perform “hot-start” during this time)
2. 1 min X°C Annealing

3. 2 min 72°C Polymerization (~2 min/1 kb; check with supplier
of DNA polymerase for optimal temperature)

4. 0.5 min 95°C
5. 5 min X°C Annealing
6. 10 min 72°C Polymerization

Repeat steps (2-5) 15-20 times (if optimal annealing tempera-
ture of overlapping sequence between subfragments A and B is lower
than the annealing temperature of the vector primers, perform 3-5
initial PCR cycles at an annealing temperature specific for the overlap
and increase the annealing temperature for the remaining cycles).

The use of thermostable DNA polymerases with proofreading
function is advisable for the described PCRs to avoid the accumu-
lation of PCR products containing additional, unwanted muta-
tions. Since vector-specific primers are used for the generation of
mutated cDNAs, the PCR products contain the multiple-cloning
site that enables, after purification and restriction-endonuclease
treatment, reintroduction into the same vector (Fig. 6d). After the
integrity of the constructs is confirmed by sequencing, the mutated
construct can be subjected to functional characterization.

If no particular type of interaction involving the amino acid in
question has been predicted by computer modeling, an exchange
to alanine (“alanine-scanning mutagenesis” (48)) can be performed
as an initial step.



192 A. Levit et al.

3.2. Functional
Heterologous
Expression Assays

In our lab, functional characterization of receptor mutants is
performed using HEK 293T cells stably expressing the G-protein
chimera Gol6gust44. The G-protein chimera consists of Gol6,
which couples, upon activation, to the IP,/calcium second mes-
senger-signaling pathway, and the last 44 amino acids of a-gustdu-
cin for effective interaction with T2R proteins (49). For the
characterization of receptor mutants, it is important to include the
parental receptor(s) and an empty cloning vector (mock control)
for transient transfection. The cells are seeded onto black 96-well
plates with clear bottom and transfected using Lipofectamine 2000
reagent (Invitrogen) at a cell density of ~60-70%. After ~24 h, the
cells are loaded with the membrane-permeable calcium-sensitive
dye, Fluo4-am, for 1 h in the presence of probenicid, an agent that
inhibits the organic anion-transporter type 1, thus preventing rapid
extrusion of the dye (50). While working with this or related
fluorescent dyes, prolonged exposure of samples to bright light
should be avoided. Now the cells are washed three times with buf-
fer (130 mM NaCl, 5 mM KCI, 2 mM CaCl,, 10 mM glucose,
10 mM HEPES, pH 7.4) using an automated microtiter plate
washer to remove excess dye. After each washing step, the cells are
incubated for ~15 min in 100 pL buffer. Next, the plates are trans-
ferred to a fluorometric imaging plate reader (FLIPR, Molecular
Devices) and the baseline fluorescence is monitored. After applica-
tion of an appropriate agonist concentration series, ¢.g., 0.003—
100 uM strychnine for the hTAS2R46 (threefold concentrated in
50 uL applied to 100 pL present in each well), changes in
fluorescence are recorded until the peaks of agonist-induced
fluorescence are evident. After the signal has returned to baseline,
a second application of an agonist stimulating transient calcium
release from intracellular stores via an endogenous receptor is rec-
ommended to check cell viability (e.g., 100 nM somatostatin-14
stimulating endogenous somatostatin receptor, or 1 UM isoprot-
erenol to activate -adrenergic receptors. Note that these agonists
have to be applied at fourfold concentration, if 50 UL are applied:
a 100-pL volume is placed initially in each well, and then 50 pL of
agonist solution is added; the total is 150 pL, so a threefold-con-
centrated agonist solution is needed. Addition of another 50 uL
leads to 200 pL total volume, so the agonist concentration should
be fourfold). For calculation of dose-response relations, at least
two independent experiments with triplicate measurements of each
construct and agonist concentration should be performed.
Fluorescence changes of mock-transfected cells are subtracted and
signals are normalized to background fluorescence. Calculations of
EC,, concentrations by nonlinear regression of the plots to the
function flx)=100/[(EC, /x)""] and generation of the corre-
sponding graphics are performed using Sigma Plot (for more
details on the functional assay procedure see, e.g., (51-53)).
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This can be a rather challenging task. The mutated receptor may
deviate from the parental wild-type receptor by its EC_, value,
threshold concentration, maximal amplitude of the fluorescence
signal, or a combination of these parameters. Furthermore, mutants
of receptors with multiple agonists, such as many human bitter-
taste receptors, may show the aforementioned changes in their
dose-response curves for single, multiple, or all agonists. An ideal-
ized example of dose—response relationships is depicted in Fig. 7.

Clearly, a pure shift in the EC, value indicates a change in
agonist interaction that can be fully compensated for by the appli-
cation of different agonist concentrations (Fig. 7, curve b). On the
contrary, if the EC,, concentration remains unaftected but the
maximal amplitude has changed, the amino-acid exchange appar-
ently affected receptor activation capability rather than agonist
interaction (Fig. 7, curve ¢). The most difficult outcome, however,
is loss of function of the mutant receptor (see Note 6).

Note also that not in all cases where mutation of a residue affects
agonist-induced response, a direct contact exists (see Note 7). The
eftfect of mutation on ligand may be due to an allosteric effect as
well. Nevertheless, in the few cases in which validation using X-ray
structure was possible, the results were encouraging (see Note 8).
Furthermore, many successful virtual-screening campaigns have
provided confirmation of binding-site models derived as described
above (9, 54).

Using the above procedure, residues located close to the
docked strychnine molecule (see Fig. 5) were mutated. We show
the results for some positions in Table 1, in which the mutations
were designed to exchange residues of the strychnine-activated
hTAS2R46 for residues of hTAS2R31, a bitter-taste receptor which
is not activated by strychnine (12). Indeed the mutations led to a
decrease in receptor responsiveness upon stimulation with the

1.2
1.01
0.81
0.61
0.41
0.2
0.0

receptor activation

0.001 0.01 0.1 1 10
log(conc.)

Fig. 7. Idealized dose—response curves of receptor mutants.
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Table 1

hTAS2R46 binding-site residues

Mutation Effect

hTAS2R46 wild type Threshold~0.1 uM*

N92G336 Nd. Strong decrease in responsiveness®
E265K7%* Threshold ~ 30 uM®

A268R7#? Threshold ~ 30 uM®

Mutagenesis of hTAS2R46 amino-acid residues located close to the docked
strychnine molecule. All mutations were designed to cause an exchange of
hTAS2R46 residues with hTAS2R31 residues. Threshold values were taken
from (55) (%) and (12) (*). Note that all mutations led to severe decreases in
receptor responses upon stimulation with the hTAS2R46 agonist strychnine
and hence determination of EC,; values was not possible. Nd. not
determined.

hTAS2R46 agonist strychnine. Interestingly, the double mutation
of E265K and A268R exhibited loss of function for strychnine and
gain of function for the hTAS2R31-specific agonist aristolochic
acid (12).

4. Notes

1. Using GPCR models without loops

The role of GPCR extracellular loops in binding high-
molecular-weight peptidic ligands is well established (56).
Studies have demonstrated that the extracellular loops,
specifically ECL2, also interact with low-molecular-weight
ligands, such as biogenic amines or adenosines (57). The
recently reported X-ray structures of various GPCRs demon-
strate that these extracellular loops also differ greatly in their
structural features (3, 58). Furthermore, nuclear magnetic res-
onance (NMR) studies have revealed the dynamic and ligand-
dependent characteristics of ECL2 in f2ADR (59), and the
activation-induced and TM5-coupled changes in the rhodop-
sin ECL2 (60). The accurate modeling of these loops is there-
fore far from trivial.

The available approaches to loop treatment, namely,
homology modeling, use of loopless models, and de novo pre-
diction, are summarized in our recent review (7). The emerg-
ing consensus is that models perform better with no modeled
loops at all than with badly modeled loops, and that de novo
modeling approaches warrant further development.
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2. Comparison of known binding-site residues in different
GPCRs
Experimental data from Shi and Javitch (61) and de Graaf
and Rognan (9) reviews and from recent papers (12, 19-21,
62-69) on residues corresponding to the upper inside part of
the TM bundle in solved GPCR structures ((70), and current
work) show that they are involved in ligand binding. The resi-
dues are shown in Table 2 and listed in Fig. 8.

3. Variation in binding orientation between different receptors

The adenosine receptor 2A X-ray structure (3EML)
revealed that the antagonist is positioned higher in the binding
cavity than in other structures (74). Recent studies of taste
receptors have also revealed different effects of mutations in
conserved binding-site residues of different receptors. For
example, mutation W3#2A in the hTAS2R38 receptor barely
affected binding of the agonist (21), while the same mutation
in hTAS2R43 and hTAS2R47 (63) had a pronounced effect
on agonist-induced activation. This effect depends on the
compound that was used to test binding sensitivity (see Note 4).
Overall, while particular residues are shown to be involved in
the binding of several ligands in several receptors (see Table 2),
effects of mutations may also be ligand specific, indicating
binding of different ligands in different subareas and orienta-
tions within the same pocket.

4. Variation between agonists and antagonists and use of inactive
structures for docking agonists

Virtual screening studies show that agonists can be retrieved
by using receptor models based on inactive crystal structure
templates and, conversely, antagonists have been found using
agonist-based receptor models (see (9) and references therein).
However, active structure properties inferred from indirect
measurements, as summarized, e.g., in (17), and directly from
X-ray structures (4, 5, 75) indicate significant differences from
the inactive form. The recent structural data indicates that the
degree of variation in the agonist-bound vs. antagonist-bound
pockets is receptor dependent.

Strategies for accommodating changes in the binding site
include 2 silico activation (76) and agonist-induced modeling,
as recently reviewed (7, 77). Other methods use advanced free-
energy mapping methods to study activation dynamics and
intermediate-state stabilization by ligands (78, 79). The new
experimental structures now also enable inclusion of active
structures (PDB codes: 3CAP, 3P0G, 3QAK) as templates for
modeling (e.g., ligand-free native opsin structure (3CAP) was
recently used (21, 80)).

5. Ligand-specific binding in the same receptor (a residue that is
important for one ligand may not be important for another)
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Summary of binding-site residues

Residue number

Position  Receptor Inferred role Reference  in human B2ADR
1.35 Adenosine A, Water-mediated agonist contact  (5) M36
(X-ray)
2.60 CXCR4 Antagonist contact (X-ray) (71) F89
2.61 B1ADR Ligand-specific partial agonist (72) G90
contact (X-ray)
Adenosine A, Water-mediated agonist contact  (5)
D3R (X-ray)
Antagonist contact (X-ray) (73)
2.63 CXCR4 Antagonist contact (X-ray) (71) A92
2.64 Adrenergic Antagonist specificity (61) H93
B1ADR Ligand-specific partial agonist (72)
contact (X-ray)
2.65 B1ADR Ligand-specific partial agonist (72) 194
contact (X-ray)
Taste T2R Agonist specificity (12)
3.25 Muscarinic M1 Interaction with ligand (68) C106
3.28 Bioamine receptors  Agonist binding (69) F108
B1IADR Ligand contact (X-ray) (72)
B2ADR Ligand contact (X-ray) (37)
D3R Antagonist contact (X-ray) (73)
CXCR4 Antagonist contact (X-ray) (71)
3.29 Muscarinic M1 Interaction with ligand (68) W109
B1ADR Ligand contact (X-ray) (72)
3.32 Dopamine, serotonin, Interaction with ligand (61) D113
histamine
Acetylcholine, Interaction with ligand (61)
adrenergic
CCR5 chemokine Antagonist binding (65)
Adenosine A, Interaction with ligand (X-ray) (5,19)
Taste T2R Agonist-induced activation (12)
Taste T2R Agonist-induced activation (63)
B1ADR Ligand contact (X-ray) (72)
B2ADR Ligand contact (X-ray) (37, 66)
D3R Antagonist contact (X-ray) (73)
CXCR4 Antagonist contact (X-ray) (71)
3.33 CCR2 chemokine Antagonist binding (65) V114
B1ADR Ligand contact (X-ray) (72)
B2ADR Inverse agonist-specific contact  (37)
(X-ray)
Adenosine A, Interaction with ligand (X-ray) (5,67)
D3R Antagonist contact (X-ray) (73)
Muscarinic M1 Interaction with ligand (68)

(continued)
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Table 2
(continued)
Residue number
Position  Receptor Inferred role Reference  in human B2ADR
3.36 Some aminergic Interaction with some ligands (61) V117
receptors

Muscarinic M1 Agonist binding (68)

Bioamine receptors  Agonist binding (69)

B1ADR Ligand contact (X-ray) (72)

B2ADR Ligand contact (X-ray) (37)

D3R Antagonist contact (X-ray) (73)

Adenosine A, Agonist contact (X-ray) (5,19)
3.37 Muscarinic M1 Interaction with ligand (68) T118

Adenosine A, Interaction with ligand (19)

B2ADR Inverse agonist-specific contact ~ (37)

(X-ray)

Taste T2R Agonist-induced activation (21)
3.40 Histamine Antagonist specificity (61) 1121
4.53 Muscarinic M1 Interaction with ligand (68) Sl6l
4.57 Muscarinic M1 Interaction with ligand (68) T164
4.61 Muscarinic M1 Interaction with ligand (68) P168

Taste T2R Agonist binding and activation ~ (64)
5.29 Adenosine A, Antagonist contact (X-ray) (67) C190
5.30 Adenosine A, Antagonist contact (X-ray) (67) C191
5.32 B2ADR Ligand contact (X-ray) (37) F193
5.38 B2ADR Inverse agonist-specific contact  (37) Y199

(X-ray)

Adenosine A, Ligand contact (X-ray) (5,67)
5.39 B1IADR Ligand contact (X-ray) (72) A200

B2ADR Ligand contact (X-ray) (37)

D3R Antagonist contact (X-ray) (73)

Histamine Interaction with ligand (61)

Muscarinic M1 Agonist binding (68)
5.42 Adrenergic Interaction with ligand (61) S203

B1ADR Ligand contact (X-ray) (72)

B2ADR Ligand contact (X-ray) (37, 60)

D3R Antagonist contact (X-ray) (73)

Muscarinic M1 Agonist binding (68)

Bioamine receptors  Agonist binding (69)

Adenosine A,, Antagonist contact (X-ray) (19, 67)

(continued)
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Table 2
(continued)
Residue number
Position  Receptor Inferred role Reference  in human B2ADR
5.43 Adrenergic Interaction with ligand (61) S$204
Adenosine A, Interaction with ligand (19)
B1ADR Ligand-specific partial agonist (72)
contact (X-ray)
B2ADR Ligand contact (X-ray) (37)
D3R Antagonist contact (X-ray) (73)
Taste T2R Agonist binding and activation ~ (64)
5.46 Adrenergic Interaction with ligand (61) $207
B1ADR Agonist-specific hydrogen bond  (72)
(X-ray)
B2ADR Ligand contact (X-ray) (37, 66)
D3R Antagonist contact (X-ray) (73)
Muscarinic M1 Agonist binding (68)
5.47 Muscarinic M1 Antagonist binding (68) F208
6.48 Many aminergic Ligand binding or activation (61) W286
receptors
Muscarinic M1 Interaction with ligand (68)
B1ADR Antagonist-specific contact (72)
(X-ray)
B2ADR Inverse agonist-specific contact  (37)
(X-ray)
D3R Antagonist contact (X-ray) (73)
Adenosine A, Interaction with ligand (X-ray) (5, 67)
6.51 Many aminergic Ligand binding or activation (61) F289
receptors
Taste T2R Agonist binding and activation ~ (64)
BIADR Ligand contact (X-ray) (72)
B2ADR Ligand contact (X-ray) (37)
D3R Antagonist contact (X-ray) (73)
Adenosine A, Interaction with ligand (X-ray) (5, 67)
Muscarinic M1 Interaction with ligand (68)
Taste T2R Agonist-induced activation (12) P288
6.52 Many aminergic Ligand binding or activation (61) F290
receptors
Muscarinic M1 Interaction with ligand (68)
BIADR Ligand contact (X-ray) (72)
B2ADR Ligand contact (X-ray) (37)
D3R Antagonist contact (X-ray) (73)
Adenosine A, Agonist contact (X-ray), (5, 67)

water-mediated antagonist
contact (X-ray)

(continued)
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Table 2
(continued)
Residue number
Position  Receptor Inferred role Reference  in human B2ADR
6.55 Adrenergic Ligand specificity (61) N293
Muscarinic M1 Interaction with ligand (68)
B1ADR Ligand contact (X-ray) (72)
B2ADR Ligand contact (X-ray) (37, 60)
D3R Antagonist contact (X-ray) (73)
Adenosine A, Interaction with ligand (X-ray) (5,67)
6.56 D3R Antagonist contact (X-ray) (73) 1294
6.58 GnRH Agonist binding (62) H296
6.59 Adenosine A, Interaction with ligand (19) V297
7.32 Adenosine A, Antagonist contact (X-ray) (67) K305
7.35 Adrenergic Agonist selectivity (61) Y308
B1ADR Ligand-specific full agonist (72)
contact (X-ray)
B2ADR Ligand contact (X-ray) (37, 66)
D3R Antagonist contact (X-ray) (73)
Adenosine A,, Interaction with ligand (X-ray) (5,67)
7.36 B1ADR Full and partial agonist contact ~ (72) 1309
(X-ray)
B2ADR Agonist-specific contact (X-ray)  (37)
Adenosine A, Interaction with ligand (X-ray) (5,67)
7.39 Adrenergic Ligand specificity (61) N312
Chemokine Ligand-specific binding (65)
Taste T2R Antagonist binding (20)
Taste T2R Agonist specificity (with 7.42) (12)
B1ADR Ligand contact (X-ray) (72)
B2ADR Ligand contact (X-ray) (37, 66)
D3R Antagonist contact (X-ray) (73)
CXCR4 Antagonist contact (X-ray) (71)
Muscarinic M1 Interaction with ligand (68)
Adenosine A, Interaction with ligand (X-ray) (5, 67)
7.40 B1ADR Ligand-specific partial agonist (72) W313
contact (X-ray)
7.42 Taste T2R Antagonist binding (20) G315
Taste T2R Agonist specificity (with 7.39) (12)
Adenosine A, Agonist specificity (5,19)
Muscarinic M1 Interaction with ligand (68)

(continued)
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Table 2
(continued)

Position  Receptor

Residue number
Inferred role Reference  in human B2ADR

7.43 B1ADR
B2ADR
D3R
Muscarinic M1
Adenosine A,

7 .46 Adenosine A,
7.49 B2ADR

Ligand contact (X-ray) (72) Y316
Ligand contact (X-ray) (
Antagonist contact (X-ray) (
Interaction with ligand (68)

(

(

(

Interaction with ligand (X-ray)
Interaction with ligand 19) S319

Antagonist binding 9) N322

(]

Y3087 " H296¢5
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Y
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Fig. 8. Visualization of the B2 residues corresponding to experimental data detailed in Table 2.

has been shown (64, 81), as well as in a recent X-ray study of
B2ADRs (66). Thus, involvement of a residue in the binding
of one ligand does not necessarily imply that it is involved in
the binding of another. This is true not only for agonist vs.
antagonist, but also for ligands with the same pharmacological
effect.

. Lack of activation in a mutant receptor can be due to a variety

of reasons, such as steric hindrance of agonist binding/recep-
tor activation or loss of a crucial agonist interaction site, but it
can also be due to receptor misfolding and other complications
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in the biosynthetic pathway of the mutated receptor.
Immunocytochemical experiments can give some indication of
whether such nonspecific event, leading to loss of function, has
taken place. If specific antibodies are available or the receptor
has been tagged with an epitope, cells can be transiently trans-
tected with receptor constructs and subjected to immunocy-
tochemical analysis. Since GPCRs must reach the plasma
membrane to be activated, additional staining with an appro-
priate cell-surface marker, such as concanavalin A, is strongly
recommended. By comparing the staining patterns of the
mutant receptor and the corresponding functional wild-type
receptor, gross changes in plasma membrane association, and
apparent differences in expression levels and intracellular accu-
mulation can be monitored. Nevertheless, conclusive evidence
for the proper folding of a nonfunctional receptor is extremely
difficult to obtain. An elegant way of addressing this problem
is to assemble all those amino-acid residues shown to interact
with the agonist in a receptor with a different set of agonists to
generate a receptor mutant exhibiting gain of function for the
original agonist. However, as this requires the availability of a
reasonably closely related, yet pharmacologically distinct,
receptor, this approach may not be feasible in all cases.

. Site-directed mutagenesis effects are observed despite a lack of

actual ligand-receptor contact

In some cases, mutation of a residue affected binding
affinity or activation by the ligand, but when the structure was
solved, it showed no direct contact. For example (taken from
(9)), V332 F543 "and H”*3, which are indicated by site-directed
mutagenesis data to be involved in antagonist binding (82, 83),
are in fact not in close contact with ZM241385 in the A,
adenosine receptor crystal structure (PDB: 3EML). D?* in
the aminergic receptor, whose mutation reduces affinity for
agonists but not for antagonists, is relatively far from the bind-
ing site and is likely to influence activation and modulatory
effects of sodium on activation (61). Naturally occurring
(35, 36) and engineered (21) variations in hTAS2R38 affect
its activation even when it is not predicted to be in the binding
site. A thermally stable variant of B1ADR carries mutations in
residues which are not part of the agonist-binding pocket, but
stabilize the inactive state, thus shifting the equilibrium away
from the active state (84). This is in line with the ensemble
view of allostery in which a certain constituent of the confor-
mational assembly is biologically active (e.g., in signal trans-
duction) and the overall activity is related to the relative
occupancy of this conformational state. The occupancy of any
conformational state is determined by the differential stabil-
ity of that state with respect to the overall conformational
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distribution and is therefore amenable to modification by
mutations that change the conformational distribution (85).
A recent study used advanced sequence analysis and residue
swapping to unravel specificity determinants in serotonin and
dopamine receptors. Interestingly, the four residue swaps giv-
ing the largest enhancement of serotonin responsiveness,
148T'4 M117F33% N124H?3#2, and T205M>%, do not reside
in ligand-contacting positions, and, except for M117F*% are
at positions that are at least 10 A away from the ligands in the
B2ADR structures. These are proposed to trigger conforma-
tional changes leading to distinct G-protein activation (69).

8. Validation vs. experimental 3D structures

There are a few cases in which homology model-assisted
binding-site prediction and site-directed mutagenesis could be
evaluated in hindsight using experimental structures. For
example, the structure of carazolol in complex with f2ADR is
in line with earlier site-directed mutagenesis results supporting
the involvement of the three polar residues D332, §542 and
N73? in binding of agonists and antagonists, and the spatial
distribution of those three critical residues in a b-Rho-based
homology model is quite close to the solved crystal structure
(9). Recently, an important initiative involved a community-
wide modeling and docking experiment prior to the release of
the structure of A,, adenosine receptor (86). The most accu-
rate model in terms of ligand RMSD and correct contacts was
selected and ranked on the basis of docking scores and agree-
ment with available mutational data, interpreted on the basis of
previous modeling studies by S. Costanzi (86).

A new GPCRdock experiment (http://gpcr.scripps.edu/
GPCRDock2010/index.html) provided assessment of the
current status of GPCR ligand-binding site modeling (87).
GPCR-ligand complex details could be accurately predicted
using closely related templates and incorporation of experimen-
tal data (87). These results are very encouraging in view of the
constantly increasing numbers of available GPCR templates, as
more and more Xray structures are being solved (88).
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