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Abstract
Biophysical studies with G-protein-coupled receptors (GPCRs) are typically very
challenging due to the poor stability of these receptors when solubilized from
the cell membrane into detergent solutions. However, the stability of a GPCR
can be greatly improved by introducing a number of point mutations into the
protein sequence to give a stabilized receptor or StaRâ . Here, we present the
utility of StaRs for biophysical studies and the screening of fragment libraries.
Two case studies are used to illustrate the methods: first, the screening of a
library of fragments by surface plasmon resonance against the adenosine A2A
receptor StaR, demonstrating how very small and weakly active xanthine
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fragments can be detected binding to the protein on chips; second, the screening and detection of fragment hits of a larger fragment library in an NMR format
called TINS (target-immobilized NMR screening) against the b1 adrenergic StaR.

1. Introduction
G-protein-coupled receptors (GPCRs) are one of the most important
classes of protein due to their critical role in cell signaling in response to
neurotransmitters, hormones, and other signaling molecules. Historically,
GPCRs have been successfully targeted to develop a wealth of smallmolecule and biological drugs across many therapeutic areas and are still
an intense area of interest today. To date, most GPCR drug discovery
programs have relied on cell-based assay systems combined with highthroughput screening of large compound libraries. While this approach
has been successful for many GPCRs, more recent targets of interest,
which include peptide receptors, are proving less tractable to traditional
lead-generation methods. Given the success that fragment screening and
structure-based drug discovery methods have had for soluble targets such as
kinases and proteases, it would be of great benefit to apply these to GPCRs
(Chessari and Woodhead, 2009; Congreve et al., 2008). However, biophysical assays and structural techniques are extremely challenging for membrane proteins and these have so far precluded biophysical fragment-based
screening methods to discover new chemistry starting points. These limitations are largely due to the difficulties in isolating pure stable protein in
functionally folded forms and in sufficient quantities for use as reagents.
GPCRs are typically highly unstable when extracted from the cell membrane, making them particularly difficult to isolate and purify for screening
with biophysical methods. Popular fragment screening methods such as
nuclear magnetic resonance (NMR) spectroscopy or surface plasmon resonance (SPR) have generally proved particularly difficult with GPCRs, with
only a few of the chemokine receptors successfully studied by SPR to date
(Navratilova et al., 2005, 2006).
AÒsolution to the stability and purification problems is the production of
StaR s (stabilized receptors): GPCRs engineered to contain a small number
of point mutations that greatly improve their thermostability (Magnani et al.,
2008; Robertson et al., 2010; Serrano-Vega et al., 2008; Shibata et al., 2009).
As part of the thermostabilization process, the StaR is trapped in either the
agonist or inverse agonist/antagonist conformation in a complex with a
suitable ligand. The two antagonist StaRs employed in the studies described
herein are the b1 adrenergic receptor M36 (which contains mutations R68S,
M90V, Y227A, A282L, F327A, F338M) (Serrano-Vega et al., 2008;
Warne et al., 2008) and the adenosine A2A receptor Rant22 (which contains
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mutations A54L, T88A, K122A, and V239A) (Magnani et al., 2008;
Robertson et al., 2010). Using these StaRs trapped in situ, the advantages
of using NMR and SPR to screen small molecules against GPCRs are
exemplified in this chapter. StaRs are highly suitable for both methods due
to their much improved stability in detergent solutions and for SPR, they are
unparalleled because either the purified or crude receptor preparations can
be utilized. Described below are conditions for solubilization, purification,
and obtaining binding information for receptor-binding partners including
low-molecular weight fragments of low affinity. Approaches for preparing
active receptor biosensor surfaces and active receptor in the target-immobilized NMR screening (TINS) format are discussed. Two case studies of
fragment screens are reported that serve to illustrate the potential of StaRs for
fragment-based drug discovery for GPCRs.

2. Case Study 1: Biacore Fragment Screen of
Adenosine A2A StaR
Using the adenosine A2A G-protein-coupled stabilized receptor system, we demonstrate the ability to resolve receptor–ligand interactions
using optimized assay conditions. In addition, the advantages of using
SPR-based biosensors to monitor the activity of receptor preparations,
determine binding constants, and screen panels of analytes are outlined.
Methods to extract active receptor from cell membranes (both simple
solubilization and solubilization/affinity purification protocols); approaches
for tethering StaRs on biosensor surfaces; and high-resolution kinetic and
equilibrium analyses, as well as higher throughput screening assays that serve
to identify hits from a fragment library, are reported. The ability to immobilize high concentrations of active functional protein on SPR chips has
allowed a screen of a small focused fragment library based on xanthine
structures. This library contained a range of very low-molecular weight
(136–194 Da) molecules which included known binders to the A2A receptor such as caffeine. This study provided proof of concept for using StaRs
together with SPR for GPCR fragment screening.

2.1. Materials and methods
2.1.1. Reagents and instrumentation
Studies were performed at 10  C using Biacore 2000 and S51 optical
biosensors equipped with NTA sensor chips and equilibrated with running
buffer (20 mM Tris–HCl, 350 mM NaCl, 0.1% dodecyl maltoside (DDM),
5% DMSO, pH 7.8). Antagonist compounds were purchased from Sigma
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and Tocris, detergents from Anatrace, and general laboratory reagents from
Sigma and Fisher Scientific.
2.1.2. Receptor preparation
For biophysical studies, receptors, including a C-terminal His-10 tag, were
expressed in Trichoplusia ni (Tni) cells using the FastBac expression system
(Invitrogen), as previously described (Robertson et al., 2010). All protein
purification steps were carried out at 4  C. The solubilized material was
applied to Ni-NTA superflow cartridge (Qiagen) and then eluted with a
linear gradient (5–400 mM) of imidazole in buffer supplemented with
0.15% n-decyl-b-maltoside (DM). Receptor protein was detected with an
online detector to monitor absorbance A280, and column fractions were
collected and analyzed by SDS-PAGE. Fractions containing the ca. 35 kDa
protein were pooled and concentrated using a YM50 Amicon ultrafiltration
membrane. The protein sample was then applied to a 10/30 S200 size
exclusion column and fractions pooled and concentrated as before to a
final concentration of 10 mg/ml and stored at 80  C. The protein
concentration was determined using a detergent compatible Bradford
assay (Bio-Rad).
2.1.3. Capture and activity of purified receptor
An NTA chip was preconditioned with three 1-min pulses of 350 mM
EDTA in running buffer and charged for 3 min with 500 mM Ni2þ in
running buffer. Purified receptor was diluted approximately 100 in running buffer and injected across an NTA surface to achieve capture levels of
>7000 resonance units (RU). After capture, the surface was washed for 2 h
with running buffer to allow all antagonists added during the purification
step to fully dissociate from the receptor. Afterward, activity of the captured
receptor was evaluated using 500 nM xanthine amine congener (XAC).
2.1.4. Capture and activity of solubilized receptor
A frozen aliquot of crude membrane preparation was diluted with an equal
volume of solubilization buffer (40 mM Tris, 1.5% decyl maltoside (DM),
pH 7.4), sonicated for six 1-s pulses, rotated gently at 4  C for 50 min, and
centrifuged for 5 min at 14,000 rpm. Crude cell supernatant (diluted 1/3 in
running buffer) was injected across a preconditioned, charged NTA surface
to capture receptor to initial densities of 10,000 RU. The surface was
washed for 2–3 h with running buffer to remove nonspecifically bound
supernatant debris from the chip surface and to allow full dissociation of any
receptor-bound antagonist. Activity of the captured receptor was evaluated
using 300 nM XAC.
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2.1.5. Kinetic characterization of A2AR antagonists
For the kinetic analyses, five antagonists of 286–428 Da were each tested in
triplicate in threefold dilution series for binding to A2AR. The receptor
surface was washed with buffer for 3–60 min after each compound injection
to avoid using a surface regeneration step. For the kinetic screening studies,
these five compounds were each tested at one concentration (ranging from
300 to 2500 nM).
2.1.6. Fragment screening against A2AR
A panel of xanthine derivatives and unrelated compounds ranging in size
from 136 to 194 Da were tested at 200 mM for binding to solubilized A2AR
captured to a density of  8000 RU on an NTA sensor surface. 8-Cyclopentyl-1,3-dipropylxanthine (DPCPX) was included as a positive control
(at 1 mM) and was tested at every eighth injection.
2.1.7. Equilibrium analysis of screening hits against A2AR
Each hit from the fragment screen was tested in replicate in a twofold
dilution series for binding to a 8000-RU solubilized A2AR surface.
2.1.8. Data processing and analysis
All responses were double-referenced (Myszka, 1999). For kinetic analyses,
data were globally fit to a 1:1 interaction model to obtain binding parameters.
For equilibrium analyses, the responses at equilibrium were plotted against
analyte concentration and fit to a simple binding isotherm. All data processing and analysis were performed using Scrubber 2 (BioLogic Software
Pty Ltd).

2.2. Results
2.2.1. NTA capture of purified A2AR StaR
Figure 5.1 depicts the NTA capture and XAC-binding test of an affinitypurified, C-terminally His10-tagged A2AR StaR. The receptor was readily
captured to a relatively high density, and the flat response at t > 1200 s in
Fig. 5.1 indicated that the capture of A2AR-His10 was very stable. Furthermore, the response obtained for XAC (428 Da) suggested that this captured
receptor preparation was active enough to detect small-molecule binding.
Together, these data demonstrated that NTA capture of this purified A2ARHis10 StaR produced receptor surfaces that may be used for detailed
characterization of A2AR antagonist compounds.
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Figure 5.1 Capture and activity of purified A2AR StaR. Main panel: NTA capture of
A2AR-His10. Inset: binding response for 500 nM XAC.

2.2.2. Kinetic analyses of antagonists binding to purified A2AR StaR
Figure 5.2 highlights the kinetic characterization of five A2AR antagonists.
For each of these compounds (which ranged in size from 296 to 438 Da),
binding was readily detected, the responses were concentration-dependent,
and the triplicate analyses of each compound overlay well. In addition, each
data could be globally fit to a 1:1 interaction model to obtain binding
parameters. This series of antagonists displayed a range of association and
dissociation rate constants that produced a 10,000-fold span in affinities,
which agree well with the affinities reported from cell-based assays
(Robertson et al., 2010).
2.2.3. Capturing of solubilized StaRs
Having established that the biosensor was able to monitor antagonist binding to surface-tethered StaRs, the efficiency of the assay was optimized.
Toward increasing the sampling throughput, the effects (on both receptor
capture and activity) of omitting the affinity-purification step was examined. Figure 5.3 shows the NTA capture of the A2AR StaR from cell
membrane fractions. High-density capture was achieved simply by injecting
the crude solubilization supernatant across the sensor surface. But, after
capture of A2AR preparations, the signal showed some decay. Since the
A2A receptor itself is stably captured (as shown in Fig. 5.1), the postcapture
drift observed here was most likely due to the washing away of material in
the crude supernatant that bound nonspecifically to the NTA surface.
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Figure 5.2 Full kinetic analyses of five antagonists (286–428 Da) binding to purified
A2AR. Triplicate responses of each analyte concentration are overlaid with the fit of a
1:1 interaction model, with determined binding parameters listed in the table.

After washing the crude A2AR surface with running buffer for several hours,
the signal was found to stabilize. Furthermore, XAC binding (Fig. 5.3,
inset) demonstrated that solubilization alone produced an active A2AR
preparation that could be used to examine antagonist binding.
2.2.4. Kinetic screening of antagonists against solubilized
A2AR StaR
Having established the feasibility of preparation of viable A2AR surfaces
from crude cell supernatants, improving the efficiency of this assay even
more by increasing the analyte throughput was examined. Using a kinetic
screening mode, analytes were each tested at one concentration and these
single sensorgrams were fitted to obtain estimates of the binding parameters.
Figure 5.4 shows the responses that were obtained from a kinetic screen of
the five A2AR antagonists characterized in Fig. 5.2.
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Figure 5.3 NTA capture of A2AR-His10 from crude cell supernatant (main panel) and
binding response for 300 nM XAC (inset).
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Figure 5.4 Responses for five small-molecule antagonists (286–428 Da) tested at
100 nM–2.5 mM) for binding to A2AR. Binding parameters obtained from the fit of a
1:1 interaction model (shown as red lines) are listed in the table. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of
this chapter.)
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The binding parameters determined from this kinetic screen are reasonable estimates of those determined from the kinetic analysis (Fig. 5.2). This
kinetic screening approach allowed the rapid identification of binders as
well as ranking of compounds based on their kinetics and affinity, and/or
the prescreening of compounds before a detailed kinetic analysis. Since the
GPCR preparations were found to slowly lose activity over several days, the
higher throughput of this approach means testing of larger compound
libraries against a single GPCR surface is possible.
2.2.5. Fragment screening against A2AR StaR
Figure 5.5A shows the responses for a compound library (136–194 Da)
screened against A2AR. Replicate analyses of a positive control (DPCPX,
black lines) were included throughout the screen; the overlay of these
replicates demonstrated that the receptor did not lose activity during this
screen. Not unexpectedly, only a small subset (10%) of the samples
showed receptor binding significantly above background. These binding
data are summarized in the trend plot (Fig. 5.5B), in which the responses are
plotted against analyte number. Again, the reproducibility of the binding of
the positive control is obvious, as are the signals from the few compounds
that appear to be hits for A2AR. From this trend plot, eight samples were
identified as potential hits.
To confirm the hits identified from this screen, each of these eight
compounds were rerun in a concentration series (Fig. 5.6A). From an
equilibrium analysis (Fig. 5.6B), these hits were determined to have A2AR
affinities ranging from 10 mM to 5 mM. The detailed analyses of these
eight samples confirmed that (1) the screen hits were indeed A2AR binders
and (2) the SPR screen could reliably detect hits that are fragment-sized
compounds and/or particularly weak binders.

2.3. Discussion of results
Here, we demonstrated the viability of using SPR approaches for characterizing GPCR StaRs. With SPR, we can establish the effectiveness of StaR
capture on the sensor surface and confirm the activity of the receptor (both
affinity-purified and extracted from crude cell supernatants). In addition,
SPR can be used in a variety of formats, from kinetic and equilibrium
analyses, which provide rate and affinity information, to screening assays for
discriminating between small-molecule antagonists and for identifying hits
in a fragment library that are worth pursing in downstream drug discovery
efforts.
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Figure 5.5 Fragment screen against A2AR. (A) Responses for samples (tested at
200 mM) and replicates of the control compound (DPCPX at 1 mM; shown in black)
binding to A2AR. (B) Trend plot of the screening responses. Reproducibility of the
DPCPX replicates is indicated by the line and hits are highlighted by the shaded box.

3. Case Study 2: TINS NMR Fragment Screen of
b1-Adrenergic StaR
NMR methods for ligand screening have had little or no success when
applied to membrane proteins. The hurdle arises primarily from two issues:
limited availability of the protein and significant levels of nonspecific partitioning of compounds into the media used to solubilize the protein. Here,
we demonstrate the potential of the combination of stabilized receptors and
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Figure 5.6 Equilibrium analyses of hits against A2AR. (A) Responses for twofold
dilution series of each hit. (B) Responses at equilibrium (t ¼ 5–25 s) are plotted against
concentration and fit to a simple binding isotherm to obtain the affinities listed on the
right.

TINS for efficient screening of Rule of Three compliant fragment libraries
(Congreve et al., 2003). Methods to functionally immobilize StaRs as
well as the stability of the immobilized preparations are discussed. Proofof-concept data are subsequently provided that demonstrate the successful
use of NMR to detect binding of a fragment to a GPCR. Based on these
results, a limited screen of approximately 575 fragments was performed. The
results of the screen and biochemical validation assays are presented. As a
first step toward understanding the binding site of fragment ligands and
gaining insight into their molecular mechanism of action, we present the
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results of competition binding studies using known ligands. Together, the
data underscore the usefulness of StaRs and TINS for drug discovery efforts
focused on GPCRs.

3.1. Materials and methods
3.1.1. Protein purification
The b1-adrenergic StaR (b1AR) and OmpA were expressed and purified, as
previously reported (Arora et al., 2000; Warne et al., 2003). Both proteins
have a 6x-His tag at the N- or C-terminus for affinity purification. Successful refolding of OmpA from inclusion bodies was monitored by SDS-PAGE
analysis (Arora et al., 2000). Both b1AR and OmpA were buffer-exchanged
to PBS (0.1 M sodium phosphate, 0.15 M sodium chloride, pH 7.2)
containing 15 mM dodecylphosphocholine (DPC) for OmpA or 0.1%
decyl maltoside (DM) for b1AR.
3.1.2. Protein immobilization
DM-solubilized b1AR was immobilized on Actigel ALD resin (Sterogene,
Carlsbad, CA, USA) via Schiff’s base chemistry using the manufacturer’s
protocol. After overnight incubation at 4  C, residual unreacted aldehydes
on the resin were blocked by addition of 50 mM d11-Tris buffer. The same
procedure was repeated for DPC-solubilized OmpA. Quantification of
immobilized protein was monitored by absorption of the supernatant at
280 nm before and after immobilization, and by SDS-PAGE with a known
standard curve and band volume analysis. This data indicated that a final
concentration of 50 mM of immobilized b1AR and 75 mM OmpA was
achieved (pmol protein/ml settled bed volume), equating to a 90% and 80%
yield. Subsequently, the buffer of both protein samples was exchanged to
PBS containing 10 mM n-dodecyl-b-D-maltopyranoside (DDM) for ligand
screening experiments.
3.1.3. Target-immobilized NMR screening
Immobilized, DDM-solubilized b1AR and OmpA were each packed into a
separate cell of a dual-cell sample holder. Mixes of the 579 fragments were
made by 200-fold dilution of a 100 mM stock of each compound in
d6-DMSO such that the final DMSO concentration was never greater
than 5%. Upon injection of each mix into the dual-cell sample holder,
flow was stopped and spatially selective Hadamard spectroscopy was used to
acquire a 1D 1H spectrum of each sample separately. A CPMG T2 filter of
80 ms was used to remove residual broad resonances from the sepharose
resin. To maintain the proper fold of each protein, the screen was performed at 15  C, and 200 mM DDM was included in the buffer (PBS in
D2O) used to wash the fragment mixes from the sample holder. Periodic
injection of dopamine was used as a positive control.
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3.1.4. b1AR activity assays
The activity of TINS hits was characterized using radioligand competition
binding studies. Any hits that bind to the orthosteric binding site would be
expected to have activity in such an assay if they are sufficiently potent. Such
an assay may also pick up effects of allosteric modulators. Whole cell binding
assays were conducted on Tni insect cells expressing the stabilized b1ARm23 (50,000 cells/well), in a final volume of 0.2 ml of PBS buffer and 4%
DMSO with compounds at either a single concentration of 500 mM or
8  0.5 log unit dilutions and a final [3H]-dihydroalprenolol concentration
of 2 nM. Dobutamine was included as a control. After incubation for 60 min
at room temperature, assays were terminated by rapid filtration through 96well GF/B UniFilter plates presoaked with 0.5% PEI, followed by washing
with 5  0.25 ml ddH2O. Plates were dried, 50 ml SafeScint was added per
well, and bound radioactivity was measured using a Packard Microbeta
counter. Data were analyzed using GraphPad Prism v5 and normalized as
“% specific binding,” and IC50 values were calculated. All fragments from
the TINS screen that were designated as positive for binding were assayed in
the radioligand displacement assay at 500 mM.

3.2. Functional immobilization and stability
As a first step toward TINS ligand screening, we assessed the ability to
immobilize functional micelle solubilized b1AR and the stability of such an
immobilized preparation (Fig. 5.7A). We followed a simple approach that
was successfully applied to the Escherichia coli membrane proteins, DsbB
and OmpA (Fruh et al., 2010), based on direct covalent attachment
using Schiff base chemistry. The DDM-solubilized b1AR was efficiently
immobilized (80%), and subsequently, unreacted aldehydes on the resin
were blocked using deuterated Tris buffer. The immobilized protein
was assayed for functionality by binding of [3H]-dihydroalprenolol, a
well-characterized, high-affinity ligand that binds with 1:1 stoichiometry.
Initial measurement of [3H]-dihydroalprenolol binding after immobilization indicated that nearly 100% of the immobilized receptor was functional.
Even after 4 days, nearly 50% of the immobilized receptor remained
functional for high-affinity ligand binding if stored at temperatures up
to 10  C.
In any assay in which the target is reused to assess ligand binding, it is
convenient to have a known ligand that can be readily removed without
denaturing the protein as a tool compound. Accordingly, we investigated
the affinity of both dopamine and dobutamine for b1AR, two compounds
on the biosynthetic route to epinephrine. Both dopamine and dobutamine
inhibited dihydroalprenolol binding with IC50s of 60 and 0.60 mM, respectively (data not shown). In order to determine the feasibility of detecting
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Figure 5.7 (A) Functional immobilization and stability of micelle-solubilized b1AR.
b1AR was covalently bound to Sepharose resin (see text for details). Functionality was
assessed by binding of 3H-dihydroalprenolol upon storage of the protein at the indicated temperature and for the indicated time periods. (B) Use of TINS to detect weakly
binding ligands. A solution of 500 mM dopamine was injected into the cell containing
immobilized b1AR (blue) and OmpA (red) and a 1H spectrum of each is presented. The
green spectrum is that of dopamine in solution. The NMR signals from DDM are
indicated.

weak ligand binding to immobilized b1AR, we assayed for dopamine
binding using the TINS assay. TINS (Vanwetswinkel et al., 2005) uses a
reference to cancel out nonspecific binding, thereby reducing the hit rate of
false positives. The immobilized proteins, target and reference, are packed
into separate cells of a dual-cell sample holder (Marquardsen et al., 2006) and
placed inside the magnet. Previously, we had determined that OmpA was an
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appropriate reference for micelle-solubilized membrane proteins and therefore, we have used it for all studies involving StaRs. To assay for binding,
compounds are injected, typically in mixtures, into both cells simultaneously
and flow is stopped at a predetermined point. A spatially selective, onedimensional 1H Hadamard experiment (Murali et al., 2006) is used to acquire
the NMR spectrum of the compounds in solution. Since the NMR relaxation of a spin is approximately 1000 times more efficient in the solid state
than in solution, binding of a ligand to the immobilized protein results in the
complete disappearance of the magnetization from that molecule in the
NMR spectrum. Accordingly, binding is detected as a simple reduction in
the amplitude of the signals of a compound in the presence of the target with
respect to those in the presence of the reference (Fig. 5.7B). We assayed for
specific binding of dopamine to immobilized b1AR using immobilized
OmpA as the reference. As seen in Fig. 5.7B, the amplitude of all of the
NMR signals from dopamine is significantly reduced in the presence of
b1AR, while the signals derived from soluble DDM are the same in both
samples. This data suggests that TINS is capable of detecting weak but
specific binding typical of fragments.

3.3. Fragment screening profile and biochemical validation
Based on the successful detection of dopamine binding to immobilized
b1AR, we decided to perform a screen of a limited portion of the ZoBio
fragment collection. The goals of the project were to test the stability of the
immobilized b1AR to repeated injections of mixtures of fragments and to
assess the robustness of detection of specific ligands. Accordingly, 579
fragments were assayed for binding in mixtures of, on average, approximately 4.5 compounds each. In order to assess the physical integrity of the
immobilized samples, control experiments are routinely performed at the
beginning and periodically throughout a screen. Including controls, slightly
more than 200 cycles of compound application and washing were performed. The most convenient measure of binding in TINS is the ratio of the
amplitude of the NMR signals for each compound in the presence of the
target to that in the presence of the reference, which we refer to as the T/R
ratio. Figure 5.8A presents the T/R ratio of dopamine at various points
during the screen. One can clearly see that the apparent specific binding of
dopamine to b1AR decreases over the 4 days required to perform the
screen, which was done at 15  C. We have used binding of dopamine as a
proxy for the functionality of the immobilized b1AR StaR, where interestingly, the decay in TINS is essentially identical to the decay observed when
the samples are simply stored. This suggests that the decay is a stochastic
function of the intrinsic stability of the protein and not a result of the cycles
of compound application and washing.
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Figure 5.8 TINS fragment screen of b1AR. (A) Binding of dopamine to immobilized
b1AR before, during, and after the screen (see text for definition of T/R ratio).
(B) Profile of the complete screen. The number of fragments with the indicated T/R
ratio is shown. The T/R ratio of three fragment hits that have been biochemically
characterized is indicated.

In order to differentiate hits from nonhits, we analyze a profile of the
entire screen (Fig. 5.8B). In this plot, the T/R ratio for each fragment has
been bucketed and the number of fragments in each bucket is presented as a
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histogram. As expected, the bulk of the fragments has T/R ratios close to 1,
indicating that they do not preferentially bind to either the target or
reference. Similarly, there are very few fragments with T/R greater than 1
confirming our earlier work, indicating that OmpA lacks significant smallmolecule binding sites. In contrast, there are large numbers of fragments
with T/R ratios significantly less than 1. Moreover, there is a range of values
displayed reflecting the various affinities and specificity of the fragments in
the collection for b1AR. In order to make a selection, a discontinuity in the
histogram is chosen and that value is used as a cutoff. Such a discontinuity
can be found at a T/R ratio of about 0.35, which would result in 29
fragments defined as hits. It was noted in this work, as well as previous
work on a different membrane protein (Fruh et al., 2010), that the T/R
ratios were considerably smaller than we had observed for soluble proteins.
Therefore, a very conservative hit selection was made using a T/R ratio of
about 0.5, which resulted in 79 fragments being defined as hits. We assessed
whether the decay in the amount of functional b1AR affected our ability to
detect ligand binding by investigating a potential relationship between
the hits and the cycle in which they were analyzed. While a decline
in the number of hits found per cycle was not found, it is entirely possible
that the selection became more stringent as the screen progressed (i.e.,
the same fragment might have resulted in a lower T/R if assessed earlier
in the screen).
As an initial step toward validating specific binding of the fragment hits
to b1AR, the ability of each of the fragment hits from the screen to displace
[3H]-dihydroalprenolol was assessed using a whole cell assay with wild-type
receptor. Dihydroalprenolol has a Kd of approximately 5 nM and the
fragments were titrated from 500 nM to 5 mM. Eleven of the 79 hits elicited
a significant response in the radioligand displacement assay (at least 30%
displacement), strongly suggesting a specific and biologically relevant interaction between the fragment and b1AR. Subsequently, the 11 fragments
were reassayed using membrane preparations devoid of any intrinsic nucleotide. The curves for three selected hits, with IC50 values ranging from 5 mM
to 5 mM, are presented in Fig. 5.9. The Hill coefficient, in conjunction with
the TINS data, indicates that these fragments reversibly bind b1AR with an
approximate 1:1 stoichiometry.

3.4. TINS competition binding
The data presented above have shown that the combination of TINS with
StaR protein can be used to screen a fragment library and to detect
compounds that are weakly interacting with the receptor in a biologically
meaningful manner. Inspired by the results from the biochemical radioligand displacement assay, the feasibility of performing competition binding
experiments using TINS was assessed as a means to both validate and
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Figure 5.9 Biochemical characterization of fragments hits. Fragments were assayed
for their ability to displace the well-characterized, high-affinity (5 nM) ligand [3H]dihydroalprenolol. The IC50 curves for three selected fragments from the screen (see
Fig. 5.8) are shown. The calculated IC50s range from approximately 5 mM to 5 mM.

determine the binding site of hits from a TINS screen. The antagonist
propranolol was selected as a known ligand with high-affinity (3 nM) and
well-characterized binding site. Figure 5.10 shows the binding of dopamine
to immobilized b1AR in the presence and absence of propranolol using
TINS. As expected, inclusion of 40 mM propranolol has nearly completely
abrogated binding of dopamine to b1AR. Thirty of the 79 hits from the
TINS screen were assayed for binding  propranolol. Interestingly, only
about one third of the hits showed a reduction in binding in the presence of
propranolol and none were completely abrogated. A possible interpretation
of this data is that some of the fragment hits target a separate or only partially
overlapping binding site on b1AR. However, at this early stage, this is only
an intriguing hypothesis. In a second, ongoing project on a StaR, we have
clear evidence for allosteric ligands from a TINS screen (to be published
elsewhere).

3.5. Discussion of results with TINS
Here, we have shown the potential of TINS and StaRs to enable fragmentbased drug discovery on GPCRs. The flexibility of the TINS immobilization
approach allows careful characterization of the functionality of immobilized
receptor before, during, and after screening. The sensitivity of TINS allows
detection of ligands with a wide range of affinities, thereby minimizing false
negatives. Given the stability or StaRs, it is possible to screen a large portion of
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Figure 5.10 Competition binding studies for fragment validation and characterization. Two pairs of overlaid spectra are shown. The lower pair shows binding of
dopamine to immobilized b1AR. The upper pair shows the lack of binding of dopamine
to immobilized b1AR in the presence of the high-affinity orthosteric ligand
propranolol.

a fragment collection on a single protein sample, although one must be careful
to monitor the functionality of the immobilized target. Since, in general,
StaRs can be more readily produced than their wild-type analog, having to
use more than one sample to screen the collection is not necessarily a limiting
step. Furthermore, it may be possible to functionally immobilize biotinylated
StaRs from crude cell lysates, similar to the procedure for SPR. Such a
procedure has already been used to immobilize and screen unpurified soluble
proteins. Lastly, the potential to discover allosteric modulators of GPCRs is
quite intriguing.

4. Discussion
Fragment screening at high concentrations in binding or cellular assays
has been attempted for GPCR targets but is very limited in the sensitivity
and reliability of the results and also in the ability to distinguish between
false positive and useful hits (Albert et al., 2007). The results described here
establish that it is possible to screen libraries of fragments against GPCRs and
to identify low-affinity hits using StaRs with biophysical screening platforms. The use of such methods allows the identification of very weak
binders which are unlikely to be identified using conventional cell-based
assays. It is necessary to include suitable controls in all the methods described
to eliminate false positives which may be merely nonspecific protein
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binders. This is readily done by including an alternative membrane protein
such as another receptor run in parallel during the screen. The availability of
a range of assays also gives the option to screen fragment hits in an orthogonal assay format to triage hits and only focus on progression of useful
chemotypes. StaR reagents make fragment-based drug discovery now a
viable possibility and open up the potential for identification of new
GPCR modulators to receptors that have proved intractable to highthroughput screening across the pharmaceutical industry and also to identify
ligands that bind to new binding sites that would be silent in radiochemical
binding assays.
StaRs are stabilized into a single chosen receptor conformation, typically
the antagonist or agonist conformation (Magnani et al., 2008; Serrano-Vega
et al., 2008). StaRs selectively bind ligands that recognize that conformation; that is, antagonists typically bind with higher affinity to antagonist
StaRs and agonists bind with higher affinity to agonist StaRs compared to
binding to the wild-type receptor. The reason for this is that the stabilization
process is carried out in the presence of a ligand which selects a specific
conformation, and one of the factors that contribute to the additional
thermal stability is the trapping of this bound receptor conformation and
reduction in receptor flexibility. This opens up the intriguing possibility of
identifying low-affinity fragments that bind selectively to the higher energy
agonist state of the receptor that can then be optimized to give functional
agonists. This would be almost impossible with wild-type receptors, as lowaffinity fragments would be highly unlikely to be detectable in a functional
cellular assay, and in a binding assay, any fragments that might be detectable
binders are far more likely to bind to the ground state antagonist
conformation.
Evolution of fragment hits into lead compounds relies on an understanding of the binding site and the mode of binding of the fragment in that site.
Optimization is then possible using structure-based design approaches,
where new functionality is added to better fill the site and to pick up further
polar interactions. Until recently, there has been very limited structural
information available for GPCRs; indeed, the only structure known from
this family was that of the visual pigment rhodopsin (Palczewski et al.,
2000). Knowledge of how ligands interacted with receptors was limited to
models based on homology with rhodopsin or from site-directed mutagenesis experiments. These limitations have precluded optimization of fragment hits using a rational approach. However, in the past 3 years, a range of
different technological developments have resulted in the structures of three
new GPCRs, all of which are important drug targets; the b1 and b2 adrenergic receptors and the adenosine A2A receptor (Cherezov et al., 2007;
Jaakola et al., 2008; Rasmussen et al., 2007; Warne et al., 2008).
StaR proteins are highly suitable reagents for structural biology studies
and in our hands have been useful in solving multiple protein–ligand
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complexes for several GPCR systems. Critically, it has been possible to
show that ligands of low affinity (>10 mM) can be crystallized and their
structures solved bound to the GPCR in the required conformation
(unpublished data). These developments show the potential of StaRs to
be used to solve receptor–fragment complexes in the future for use in
fragment-based drug discovery for rational, structure-based optimization.
In summary, the studies described herein demonstrating the potential of
StaRs for use in fragment-based drug discovery and other developments
that will be published elsewhere on their utility for protein–ligand structure
solution by X-ray crystallography, give great promise that fragment-based
drug discovery is now possible using all of the tool box available for soluble
proteins, such as kinases and proteases. Although at an early stage today, the
power of fragment-based drug discovery and structure-based drug design
applied to GPCRs may deliver important breakthroughs that lead to new
therapeutic agents over the coming years.
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