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Abstract

G protein-coupled receptors (GPCRs), which are involved in virtually every biological process,
constitute the largest family of transmembrane receptors. Many top-selling and newly approved
drugs target GPCRs. In this review, we aim to recapitulate efforts and progress in combinatorial
library-assisted GPCR ligand discovery, particularly focusing on one-bead-one-compound library
synthesis and quantum dot-labeled cell-based assays, which both effectively enhance the rapid
identification of GPCR ligands with higher affinity and specificity.

G protein-coupled receptors as drug targets

G protein-coupled receptors (GPCRs) are characterized by an extracellular N-terminus and
an intracellular C-terminus connected by seven transmembrane a-helical segments (TM-1 to
TM-7). GPCRs are therefore also known as seven-transmembrane domain receptors (7 TM
receptors) or heptahelical receptors. The transmembrane domains are composed of three
intracellular (IL-1, IL-2 and IL-3) and three extracellular loops (EL-1, EL-2 and EL-3)
[1,2,3] (Figure 1). GPCRs in the human genome are generally organized into five families
based on their sequence and similar structure [4]: rhodopsin (family A), secretin (family B),
glutamate (family C), adhesion (family D) and frizzled/taste 2 (family E). The rhodopsin
family, which contains four main groups (a, B, y and 8) with 13 subbranches, is the largest
family. Although the exact size of the human genome GPCR superfamily is uncertain,
approximately 800 different human genes have been predicted based on genome-sequence
analysis, 701 of which in the rhodopsin family [5].

GPCRs represent one of the most important classes of proteins due to their critical role in
cell signaling. Extracellular signaling molecules (ligands) can be recognized at varied
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binding sites (Figure 1). These ligands activate inside signal transduction pathways, and
ultimately lead to the activation or inactivation of a particular signaling pathway, hence a
specific cellular response. The ligands are varied in type (including light-sensitive
compounds, odors, pheromones, hormones, growth factors and neurotransmitters) and size
(from small molecules to peptides to large proteins) [6]. The signaling pathways involved
mediate almost every important physiological process in humans, such as the sense of sight
and smell, behavioral and mood regulation, immune system activity and inflammation, as
well as autonomic nervous system transmission [7]. The elucidation of the structure and
function of GPCRs and GPCR ligands is a result of collaborated efforts, including the birth
of cryoelectron microscopy [8] and the discovery of the rhodopsin structure [9]. For
instance, Alfred Gilman and Martin Rod-bell (Nobel Prize in Physiology or Medicine 1994),
Brian Kobilka and Robert Lefkowitz (Nobel Prize in Chemistry 2012) are recognized for
their discovery of G protein structures and the role of these proteins in signal transduction in
cells [10,11].

Numerous diseases and disorders, such as allergies, anxiety, asthma, congestive heart
failure, glaucoma, hypertension, migraine, nocturnal heartburn, Parkinson’s, psychosis,
schizophrenia and ulcers [12,13], have all been linked to mutations and polymorphisms in
GPCRs. This makes GPCRs essential and potential drug targets for the pharmaceutical
industry [14]. Currently, approximately 30-50% of all registered drugs act on GPCRs
[15,16]. Furthermore, naturally occurring small molecules, such as adenosine, adrenaline,
dopamine, prostaglandins, somatostatin, as well as drug-like small molecules, such as
caffeine, morphine, heroin and histamine, all target GPCRs. Of the 90 new molecular
entities approved by the US FDA in the past 3 years (2010-2012), 17 drugs target GPCRs,
indicating that therapeutics for GPCRs are still a main focus for new drugs [17]. The
chemical structures of some recently approved GPCR-targeting drugs are shown (Figure 2),
including one approved in 2013 [18].

Approximately 60 GPCRs out of the total 800 have been targeted by existing drugs; for
instance, the most commonly targeted receptors are histamine Hy, a1 adrenergic,
muscarinic M1, dopamine D, muscarinic My, 5-HT,a, apa adrenergic and muscarinic Ms.
However, the vast majority of GPCRs have not yet been explored. Furthermore, one of the
major challenges in drug development for GPCRs is the limited availability of structural
data on GPCRs. Early studies only revealed the structure of visual pigment rhodopsin [9]. It
was not until the period 2007-2011 that medium-to high-resolution crystal structures of
several new GPCRs were revealed, including the 3, and 3, adrenergic receptors [19,20],
adenosine Ay receptor [21], chemokine CXCRA4 receptor [22] and dopamine D3 receptor
[23]. Therefore, most of the registered drugs that act on GPCRs are derived from ligand-
based drug-design strategies, and since only a small number of GPCRs have been targeted
by current pharmaceuticals, huge efforts are now being made to exploit the remaining
receptors, including approximately 120 members for which no existing ligands have ever
been identified (known as orphan receptors) [24].

This review discusses the efforts and progress in combinatorial library development, and the
identification of GPCR ligands via one-bead-one-compound (OBOC) library high-
throughput screening. In addition, various strategies used in quantum dot-labeled cell-based
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screening methods for the rapid identification of GPCR ligands with higher affinity and
specificity are presented.

Combinatorial libraries

Combinatorial chemistry, first reported in the early 1980s, is regarded as one of the most
important recent advances in medicinal chemistry [25]. The essence of combinatorial
chemistry is that a large range of analogues can be synthesized using the same reaction
conditions and the same reaction vessels. In this way, a very large number of compounds
with high molecular diversity can be synthesized by a simple methodology at a far lower
cost than using traditional synthetic chemistry [26]. Combinatorial chemistry libraries are
usually constructed with subunits with different R group positions. For each R group
position there are a variety of building blocks that can be incorporated to generate
complexity. Combinatorial library methods were first applied to peptides and
oligonucleotides [27,28]. Since then, the field has been expanded to include
peptidomimetics, synthetic oligomers, small molecules and oligosaccharides [29].

Peptide libraries

Peptides are particularly well suited for combinatorial synthesis. First, there is a
considerable collection of amino amides that act as the subunits, including both natural
amino acids and other commercially available unnatural amino acids used as alternative
building blocks to extend the diversity of the peptide library. Second, the synthesis of a
peptide library can be achieved effectively by virtue of the solid-phase amide bond-forming
chemistry using Fmoc-protected subunits (Figure 3). Usually, the library is synthesized on
solid phase, mostly on resin beads [30]. With technological advancements, the whole
synthetic procedure can be performed using fully automated instruments [31].

Alternatively, peptide libraries can also be prepared biologically, for example, using a
phage-display approach. First reported by Smith in 1985, the key to peptide phage display
technology is to express peptides on the surface of bacteriophage as fusions with capsid
proteins [32]. This can be achieved by incorporating a peptide encoding gene into a capsid
structural protein encoding gene. A phage-displayed peptide library containing billions of
peptides presented on phage particles can then be screened simultaneously for the desired
activity [33]. Over the past two decades, phage-display technology has been influential in
many scientific fields including drug discovery and drug-target validation.

Peptoid libraries

While peptide libraries are rich sources of combinatorial molecules, certain undesirable
properties, such as sensitivity to proteases, make native peptides less than ideal for certain
applications. To address this issue, there has been much focus on the design, synthesis and
the application of a variety of other biopolymer mimetics. Peptoids, first reported by Simon
et al. [34,35], are the most well-known examples of nonpeptide compounds. Peptoids are
oligomers of N-substituted glycine (NSG) units, which are ideal for combinatorial
approaches to drug discovery. Large libraries can be easily synthesized from readily
available primary amines using the two-step submonomer solid-phase synthesis method
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developed by Zuckermann et al. [36] (Figure 3). Peptoids possess distinctive advantages
including:

»  Enhanced stability toward proteolysis;

» Resistance to denaturation induced by solvent, temperature or chemicals since
secondary structures in peptoids do not involve hydrogen bonding;

»  Better cell penetration;
« Low immunogenicity [37,38].

Thus, the use of peptoid libraries in drug discovery is rapidly gaining popularity. Drugs over
the counter derived from peptoids are still undergoing optimization, although this a fast-
developing and promising field.

Small-molecule libraries

The application of combinatorial libraries is not only limited to peptides and
peptidomimetics, but also successfully extended to nonpeptide-like small molecules [39,40].
These structurally and chemically diverse small molecules, exhibiting characteristics not
present in peptides, are important as drug candidates. Small-molecule combinatorial libraries
can be classified using several different criteria, such as the design of the library, novelty of
structures, structural features of building blocks and chemical strategy. Lam et al. [29]
divided small-molecule libraries into four categories: acyclic libraries assembled in linear
fashion, libraries built using a preformed scaffold, libraries including a heterocyclization
step and structurally heterogeneous libraries. Due to the favorable pharmacokinetic
properties of many small organic molecules (<600 molecular weight), the design, synthesis
and evaluation of libraries of these compounds has significantly expanded the application of
combinatorial chemistry in the development of therapeutic agents [41]. There are advantages
and disadvantages of each type of combinatorial library. The library chosen depends largely
on the nature of the target, the assay system and the resources available. In some cases, a
combination of approaches may be appropriate.

GPCR ligands from OBOC combinatorial libraries

OBOC combinatorial libraries

There are many distinct methods for combinatorial library synthesis. Among them, the solid-
phase OBOC method is a powerful and widely used approach. The OBOC method was first
introduced in 1991 by Lam et al. [27] for the synthesis of peptide libraries; since then, this
approach has been successfully applied to many other combinatorial libraries, such as the
peptoid library [42,43]. As indicated by its name, in an OBOC library, one single bead (the
polymeric solid support) contains only one type of compound although there may be up to
1013 copies of the same compound on a single bead depending on its size and capacity [44].

A ‘split-and-pool’ synthetic protocol, which was first developed by Houghten et al. [45], is a
key method for ensuring that each bead displays only one compound. Between synthetic
steps, the solid supports are combined, mixed and redistributed. The resulting stochastic
distribution of solid supports provides approximately equal numbers of synthetic
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intermediates in each of the next reactions [46] (Figure 4). Using this methodology, a large
OBOC library (108108 members) can be synthesized rapidly, with each bead expressing
only one compound and each compound exhibiting equal distribution in the library. More
importantly, OBOC libraries significantly facilitate the subsequent screening assay, making
it quick and straightforward, in both solid phase and solution phase.

High-affinity GPCR ligands identified from OBOC libraries

Combinatorial libraries serve as powerful platforms for the quick identification of new
GPCR ligands. The examples discussed in this section provide highlights of some of the key
efforts for screening against a wide variety of GPCRs (Figure 5).

Zuckermann et al. [47] used competitive radioligand-binding assays to screen a 5000
synthetic peptoid library for GPCRs ligands. They discovered two hit peptoid trimers, CHIR
2279 (1) and CHIR 4531 (2), which bind to the aq-adrenergic receptor and p-opiate
receptors with Ki values of 5 and 6 nM, respectively.

Jayawickreme et al. [48] identified several novel a-melanotropin (a-MSH) receptor
antagonists from a peptide library consisting of 31,360 structurally different candidates. A
functional bioassay was conducted by monitoring the pigment translocation induced by
peptides. The dose—response curves of the hit peptides were further measured using
microtiter plate assays. Finally, 153N-6 (3) was identified as the most potent MSH receptor
antagonist with an ICgq value of 11 + 7 nM to decrease receptor activation. This finding is
important since a-MSH stimulates melanogenesis, and also plays a role in feeding behavior,
energy homeostasis and sexual activity.

Appell et al. [49] created a 56,000-member combinatorial library to identify compounds that
inhibit the binding of labeled ligands to two related GPCRs. OBOC library beads arrayed at
20 beads per well were first photolyzed to cleave 50% of the compounds, which after drying
were redissolved at a concentration of 0.5-1 uM. Beads in positive wells were then collected
and redistributed at one bead per well to rephotolyzed thoroughly for secondary screening.
Finally, 86 unique structures were identified as active against one receptor and 24 were
active against the other using a Wallac Mcrobeta scintillation counter on fluorometer.

Heizmann et al. [50] tested a peptoid library containing 328,509 compounds and
successfully identified new ligands for both a-MSH receptor and GRP-preferring bombesin
receptor. The Kp values calculated from competition binding data were 1.58 pM (4) and 3.4
UM (5), respectively.

Oxytocin is a mammalian neurohypophysial hormone that plays an important role in the
neuroanatomy of intimacy, specifically in sexual reproduction. Evans et al. [51] prepared a
library of 1296 1,4-benzodiazepines for the discovery of selective oxytocin antagonist using
scintillation proximity binding assay. The most potent compound GW405212 (6) was
discovered with an ICgq value as low as 5 nM.

The melanocortin (MC) receptors are GPCRs with five different isoforms, MC1R-MC5R.
Particularly, MC4R is known to be an excellent drug target for the treatment of obesity.
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Kruijtzer et al. [52] synthesized peptoid—peptide hybrids and investigated the library on cells
expressing different MC receptor subtypes. luga et al. [53] also aimed at the identification of
novel melanocortin receptor agonists. By using a hexapeptide library they discovered
several related novel peptides, with the most potent (7) displaying an ECsg value of 0.1 +
0.03 uM to stimulate pigment dispersion. The structures of 1-7 are shown in Figure 5.

Progress of OBOC library screening methods

All combinatorial library methods involve three main steps: preparation of the library,
screening of the library components and determination of the chemical structures of active
compounds [29]. These steps are closely linked, and each of them is indispensable for the
final successful identification of GPCR ligands. Numerous efforts have been made to
improve the efficacy and decrease the cost of these procedures; encouraging advances have
been achieved [54,55]. In this section, we focus on recent progress in the use of screening
methods for the identification of high-affinity GPCR ligands based on OBOC libraries.

A reliable high-throughput assay is essential for successfully screening a combinatorial
library. Both solid-phase and solution-phase assays have been developed for OBOC
libraries. For solid-phase assays, ligands are still attached to the beads; while cleavage of
ligands from the beads is required before screening during solution-phase assays.
Considerable advances in screening technology have been made, which significantly
enhance the efficiency of rapidly identifying GPCR ligands.

The most straightforward way to screen high-affinity GPCR ligands is to detect the binding
behavior of target GPCRs to ligand libraries. For molecular targets that are intrinsically
colored or fluorescent, a bead library can be screened directly [56]. However, in some cases,
indirect screening is required in which a reporter group is attached to the target. The reporter
group can be an enzyme, a radioactive isotopes, a color dye or a fluorescent probe [29].
Generally, the color intensity or fluorescence of the target-attached bead after incubating
with the receptors is proportional to the binding affinity of the ligand.

Traditional screening methods

Lam et al. [27] reported the enzyme-linked colorimetric assay in 1991. In this method, the
peptide library is incubated with a receptor—enzyme complex (e.g., receptor-alkaline
phosphatase conjugate). After washing, the beads are then mixed with the chromogenic
substrates, which are a combination of nitroblue tetrazolium (NBT) and 5-bromo-4-
chloro-3-indolyl phosphate. After the hydrolysis of phosphate by alkaline phosphatase, NBT
is reduced to formazan turning the positive beads purple. However, NBT can also be
reduced by any trace amount of reducing agent in the beads [57]. A dual-color detection
scheme has been developed later in order to eliminate the false positive beads [58].

Turck described a method to screen OBOC libraries against radiolabeled receptor targets
[59]. The peptide resin beads were incubated with radiolabeled receptor molecule and,
subsequently, immobilized in a thin layer of agarose. Resin beads that carry acceptor-
specific sequences were identified by autoradiography and subjected to automated gas-phase
sequencing.
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While there are many other available ways to label a protein for a library screening,
fluorescent tags have many advantages, including high sensitivity [60]. Fluorescence
intensity can be measured using a fluorescence reader, or imaged by a fluorescence
microscope. Furthermore, fluorescence-based screening methods using a fluorescence-
activated cell sorter have also been developed [61,62,63].

The proper selection of bead material and synthetic protocol as well as the fluorescent
marker is critical to this technique [64]. TentaGel™ resin beads (Rapp Polymere Ltd;
Tuebingen, Germany), which are produced by cografting PEG units onto a low-crosslinked
polystyrene [65], is now the most widely used solid support for on bead library screen
considering its uniform size. However, the TentaGel beads exhibit a high-level, broad-
wavelength intrinsic fluorescence, particularly in the green region of the spectrum [66]. This
autofluorescence rendered the use of many organic fluoresceins for screening experiments
impractical and, therefore, considerate efforts have been made to overcome this limitation.

Since the intensity of the bead fluorescence drops off significantly in the red region of the
spectrum, Alluri et al. [66] evaluated Texas Red florescent dye labeled protein as potential
targets in the screening process. After incubating the labeled protein with the bead library
for 1 h and then washing the beads thoroughly, the beads were identified visually under a
fluorescence microscope. It was observed that positive hit beads were clearly brighter than
the surrounding beads. Although the reduced background is tolerable, it is still noticeable,
requiring careful and painstaking visual analysis of beads under a microscope field, which is
a tedious process.

Quantum dot-labeled screening methods

Olivos et al. [67] successfully solved the above problem by using the unique fluorescent
properties of quantum dots (QDs). QDs are semiconductor nanocrystals that show unique
optical properties, including size-tunable light emission, simultaneous excitation of multiple
fluorescence colors, high signal brightness, long-term photostability and multiplex
capabilities [68,69,70]. In contrast to traditional fluorescent organic dyes, one of the critical
features of QDs is that they absorb energy in a broad and continuous region of the spectrum
while have narrow and symmetrical emission peaks [71]. Streptavidin (SA)-coated QDs that
emit in the red region of the spectrum (Anax = 608 nm) and can detect biotinylated proteins
captured on beads are commercially available.

Olivos et al. [67] made a comparison of the performance of QDs to Texas Red in a protein
binding assay with peptides displayed on TentaGel beads. Beads displaying ubiquitin-
binding peptides, negative controls or positive controls were incubated with biotin-labeled
ubiquitin. After washing, the beads were exposed to either Texas Red-labeled SA or SA-
coated QDs (Figure 6). It was observed that in Texas Red-labeled group, the hits were
brighter than background, but with low levels of contrast. On the other hand, in SA-coated
QDs, after employing the excitation filter used for 4/,6-diamidino-2-phenylindole dye, hit
beads exhibited a bright red fluorescence while negative control beads were bright green.
These results indicate that QDs provide a striking color difference between positive and
negative beads without being obscured by the autofluorescence of the beads. In the
following genuine library-screening experiment, the authors further demonstrated that QD-
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based detection allowed reliable selection of true hits in the midst of many other beads with
high efficacy. This red-emitting QDs labeling method was later successfully applied by Lim
et al. [72] to identify an inhibitor of the proteasome 19S regulatory particle from a 32,768-
member peptoid OBOC library (compound 8, Table 1).

One critical problem during library screening against a target protein is how to eliminate
nonspecific or false-positive hits. Practical solutions include the use of a high salt- and
detergent-containing buffer, lowering the concentration of target protein (100-500 nM), or
employing a 1000- to 10,000-fold excess of cleared Escherichia coli lysate as competitor
proteins. Using competitor proteins is particularly effective in screening against relatively
hydrophobic, ‘sticky’ targets, which often exhibit good affinity but are rarely specific [73].

In 2008, Udugamasooriya et al. [74,75] developed a novel on-bead two-color (OBTC) QDs-
labeled screening technology, which eliminated the requirement for introducing such protein
competitors, and made it easy to identify ligands for the specific receptor of interest. Using
this approach, a maximum amount of 100,000 OBOC beads (TentaGel beads) can be used,
which are equilibrated with cell culture media before introduction of the cells. At the same
time, cells expressing receptors of interest are labeled with a red QD (Qtraker® 655), while
primary cells lacking corresponding receptors are labeled with a green QD (Qtraker 565).
Observation under the fluorescence microscope is required to confirm the success of cell
staining. After mixing at a 1:1 ratio, the two groups of cells are then incubated with library
beads in polypropylene tubes, which are shaken gently. After equilibration for the optimized
time period, the beads are washed and transferred to tissue culture dishes for observation
under a fluorescence microscope. With proper filter sets, all the colors (blue from beads, red
and green from cells) can be observed at the same time. Beads that bind both red and green
QDs-labeled cells imply that the ligands on them act as nonspecific ligands. Therefore, only
the beads that exclusively bind to red cells are considered specific ligands and are later
manually picked up using pipette under microscope. Cells and other debris are stripped off
from the positive beads using 1% SDS solution, and the structures of the ligands on beads
are elucidated using mass spectrum.

Several factors need to be taken into account and to be optimized before the OBTC
screening (e.g., the design of cell pair, the density of cells and beads and equilibration time)
[75]. Common cell types ideal for this kind of screening include HEK-293, Chinese hamster
ovary and HeLa. In some cases, the stable transfection method is required to overexpress the
specific receptor of interest on cell surface. The density and the equilibration time depend on
the binding affinity of the cells to compounds, and these factors are usually optimized using
a small-scale pilot study.

The above screening assay can be very efficient. Usually, the identification of hit ligands
from a 100,000 OBOC library can be completed in a single day, although the optimization
of screening conditions ahead may take a few days or weeks. Meanwhile, this method is
very low cost since only a fluorescence microscope is required for the screening without the
need for other specialized, expensive equipment [76]. More importantly, cell-based screen
allows the receptors of interest to be displayed in a relatively natural cellular environment.
This particularly makes sense for GPCR ligands, and other integral membrane receptors
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screenings, because the standard screening methods developed for soluble proteins could not
be easily employed for membrane receptors [77,78,79].

Udugamasooriya et al. [74] successfully applied the above two-color, cell-based screening
method to identify specific peptoids binding to VEGF receptor 2 (VEGFR2). The two hit
ligands are shown in Table 1. Both 9 and 10 bound to VEGFR2 with Kp values of about 2
uUM. Homodimeric derivatives of 9 and 10 were further synthesized, and 11 was finally
discovered to bind VEGFR2 with Kp of 30 nM. An in vitro function assay demonstrated
that 11 was an antagonist of VEGF-dependent receptor activation (Table 1).

Based on the above OBTC screening protocol, Qi et al. [80] further incorporated a magnetic
isolation procedure to screen a 3 million peptoid library for orexin receptor 1 (OxR1)
ligands. OxR1 is a GPCR involved in a number of interesting metabolic events and a
potential drug target for insomnia, diabetes and drug addiction. In this experiment, Chinese
hamster ovary cells labeled with red or green QDs were mixed and exposed to the OBOC
library. After thorough washing, the beads were exposed to anti-OxR1 polyclonal antibody
from rabbit and, after incubation and further washing, iron oxide particles Dynabeads®
M-280 coated with sheep anti-rabbit 1gG secondary antibody were added. The suspension
was then placed in a conical tube; after gentle shaking, the tube was placed in a holder that
positioned a powerful magnet at the side of the tube (Figure 7A). TentaGel beads that
display peptoids able to bind to OxR1 were held there, while others settled to the bottom of
the tube. After removal of all of the unmagnetized beads with a pipette, those retained by the
magnet (only a small fraction of the original library) were further examined under
fluorescent microscope (Figure 7B). This methodology remarkably increases the efficiency
by shortening the most tedious step of previously published bead screening techniques, and
allows millions of different compounds to be screened rapidly.

Using this method, Qi et al. [80] successfully identified two hit compounds (12 & 13, Table
1) as OxR1 antagonists. Furthermore, guided by a structure—activity relationship study, a
peptoid trimer (14, Table 1) that kept the same pharmacophore of two N-terminal residues in
12 and 13 was synthesized and proved to be an even more effective OxR1 antagonists than
12 and 13. These results strongly demonstrate the feasibility and reliability of identifying
GPCRs ligands using both the combinatorial chemistry and traditional medicinal chemistry
methods. Taken together, this approach provides a platform for the use of peptoid library
and two-color QD-labeled cell-based screening for rapidly identifying GPCR ligands. One
can imagine that this method would be applicable to other types of OBOC libraries as long
as the library sequences can be encoded and identified. Furthermore, constructing expression
vectors for GPCRs is affordable. This screening technology can be readily applied to isolate
ligands with high affinity and specificity against many GPCRs in a high-throughput fashion
with low cost.

Future perspective

The application of QDs to the library screening assay has significantly enhanced the efficacy
and accuracy for the identification of GPCR ligands with strong affinity and high specificity.
Based on the principles of the above-mentioned one- and two-color QD methods, it is
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conceivable that multicolor QD-labeled cell-based screenings is a promising trend in this
field. In fact, multicolor QDs have already proved their potential in many other fields, such
as biological imaging, molecular diagnosis and multiplexed optical coding [68,81,82]. Using
multicolor QD approach, cells expressing different GPCRs of interest can be labeled with
QDs of different colors. All the QD-labeled cells can be mixed in equal ratios and exposed
to the combinatorial library. When examining the beads, a single color-bound bead
correlates to a highly selective ligand for a specific receptor on the cells. Beads attached
with multicolored cells correlate with nonselectively binding ligands (Figure 8).

One of the key advantages of this method is that it permits quick and straightforward high-
throughput screening for different GPCR ligands at one time using one library. This is
especially desirable for the screening of receptors originated from homologous genes, such
as OxR1 and OxR2, providing powerful tools for the identification of selective GPCR
ligands as well as dual- or even multi-target ligands.

It is also noteworthy that the application of QD-labeled screening is not only limited to
binding assays, but can also be extended to function assays. For example, with the
application of the QD tagging strategy, Garske et al. [83] developed a novel and high-
throughput method for determining deacetylase SIRT1 substrate specificity by using an
OBOC acetyl peptide library. Beads were first biotinylated and labeled with SA-coated
QDs. The brightest beads after fluorescent sorting therefore represented the ones which were
most preferentially deacetylated by SIRT1. Using the same method, it might be possible to
conduct functional screening assays of combinatorial libraries against GPCRs. The above-
mentioned screening methods can sometimes be combined to perform more stringent
screening thus providing more information for the GPCRs drug discovery.

In conclusion, GPCRs-based drug discovery continues to be a major area of pharmaceutical
research given the fundamental role of GPCRs in signaling transduction and the large size of
GPCRs superfamily in the human genome. Considerable opportunities still exist for GPCR
drug discovery since only a small number of GPCRs have been targeted by current
pharmaceuticals. Combinatorial libraries provide an efficient route for achieving great
molecular diversity at a low cost; in addition, they are powerful tools for ligand-based
GPCRs drug design and development. Through the comprehensive application of solid-
phase synthetic chemistry, combinatorial chemistry, in particular multicolor QD-labeled
cell-based screening assay methods, the rapid identification of high-affinity GPCR ligands
from combinatorial libraries can be made available, thereby providing promising
opportunities for future drug discovery.
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Executive summary
G protein-coupled receptors as drug targets

e G protein-coupled receptors (GPCRs) are the largest and the most important
classes of proteins due to their critical role in cell signaling.

e While they are considered essential drug targets only a small number of GPCRs
have been targeted by current drugs. Great efforts are now being made to exploit
the remaining receptors.

Combinatorial libraries

e A huge number of compounds with high molecular diversity can be synthesized
quickly using combinatorial chemistry.

«  Combinatorial libraries can be applied to peptides, peptidomimetics (e.g.,
peptoids), and nonpeptide-like small molecules. Libraries are usually
synthesized using solid-phase chemistry.

e One-bead-one-compound libraries, usually synthesized by a split-and-pool
method, provide a straightforward platform for library screening.

Progress of library screening methods for the identification of GPCR ligands

«  The autofluorescence of TentaGel ™ resin obscures the screening assays.
Labeling proteins with Texas Red florescent dye partially reduces the
background of TentaGel resin, but the results are still far from satisfying. This
problem is successfully solved using the unique fluorescent properties of
guantum dots (QDs).

e  The screening assays are further improved using a two-color QD-labeled, cell-
based screening approach. Receptor-expressing cells and receptor non-
expressing cells are labeled with two different QDs. Ligands with high affinity
and specificity can be identified rapidly without employing protein competitors.

Future perspective

» Itis conceivable that cell-based screening will be further improved using
multicolor QDs, allowing different GPCRs to be screened simultaneously.
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Figure 1.
The structure and function of G protein-coupled receptors with extracellular signaling

molecules (ligands) targeting varied binding sites.
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(A) Structure of peptide, and solid-phase Fmoc-method for peptide synthesis. (B) Structure

of peptoid, and two-step submonomer solid-phase synthesis of peptoid.
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Figure 4. ‘Split-and-pool’ synthetic protocol for one-bead-one-compound library
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different monomers used in library synthesis.
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Figure 6. On-bead screening assay using streptavidin-coated quantum dot
Beads displaying ligands that are able to bind to a receptor protein are labeled with quantum

dot through specific interaction between biotin and streptavidin.
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Figure 7. A two-color, cell-based magnetic screen to identify orexin receptor 1-binding ligands
(A) Representation of the screening procedure. (B) Fluorescence microscopic image of cells

labeled with quantum dots and beads. The bead observed to bind only red quantum dot-
labeled cells represents one of the positive hits out of 3 million beads. OxR1 peptoid
antagonists (12 & 13) and the further developed peptoid trimer (14) are shown in Table 1.
CHO: Chinese hamster ovary; OxR1: Orexin receptor 1.

Reproduced with permission from [80] © The Royal Society of Chemistry (2010).
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Figure 8. On-bead multicolor screen with quantum dot labeling for the identification of ligands
for G protein-coupled receptors
Cells overexpressing GPCR1, GPCR2, or nonoverexpressing cells are labeled with

Qtracker® 655 (red), Qtracker 585 (yellow), or Qtracker 565 (green) quantum dots. After
incubation with quantum dots-labeled cells, beads with only red cells are selectively chosen
to identify the GPCR1 specific ligand. The beads with only orange cells are selectively
chosen to identify the GPCR2 specific ligand as potential hits.

GPCR: G protein-coupled receptor.
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Application of the quantum dot-labeled screening method to identify hit ligands from one-bead-one-compound
combinatorial libraries.

Structure of ligands

Target

Activity

Screening methods

Ref.

NH, H@ Proteasome 19S RP
W
HN A n i,N J?\/N N
2N N Y ON o i ) iailaah 2
o}

Inhibit the
protein
unfolding
activity of
19S RP with
1Cs value of

3uM

On-bead red-
emitting
QDs labeling
method

[72]

NH, /~0 NH VEGFR?2

Bind to
VEGFR2
with Kp value
of
approximately
2uM

On-bead two-color
QDs labeling
method

[74]

10

VEGFR2

Bind to
VEGFR2
with Kp value
of
approximately
2uM
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Structure of ligands Target

Activity Screening methods

Ref.

11

NH, NH /0 NH, VEGFR2

Bind to
VEGFR2
with Kp value
of
approximately
30 nM.

Inhibit
VEGFR2
activation
with 1Csq
value of
approximately
1uM

SO,NH, OxR1

12

Antagonist of  On-bead two-color
OxR1 with QD:s labeling
1Cs Of method accelerated

approximately ~ with magnetic
39uM beads

(0]

NH OxR1

HNY\

13

13

Antagonist of
OxR1 with
|C50 of
approximately
205 uM
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OxR1: Orexin receptor 1; QD: Quantum dot; RP: Regulatory particle; VEGFR2: VEGF receptor 2.
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