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Abstract

G protein-coupled receptors (GPCR) are integral membrane proteins that transmit signals from
external stimuli to the cell interior via activation of GTP-binding proteins (G proteins) thereby
mediating key sensorial, hormonal, metabolic, immunological, and neurotransmission processes.
Elucidating their structure and mechanism of interaction with extracellular and intracellular
binding partners is of fundamental importance and highly relevant to rational design of new
effective drugs. Surface plasmon resonance (SPR) has become a method of choice for studying
biomolecular interactions at interfaces because measurements take place in real-time and do not
require labeling of any of the interactants. However, due to the particular challenges imposed by
the high hydrophobicity of membrane proteins and the great diversity of receptor-stimulating
ligands, the application of this technique to characterize interactions of GPCR is still in the
developmental phase. Here we give an overview of the principle of SPR and analyze current
approaches for the preparation of the sensor chip surface, capture and stabilization of GPCR, and
experimental design to characterize their interaction with ligands, G proteins and specific
antibodies.
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1. Introduction

Within the last 20 years, surface plasmon resonance (SPR) has become a method of choice
for studying biomolecular interactions at interfaces. This technique could be particularly
useful for studying interactions with membrane proteins like G protein-coupled membrane
receptors (GPCR). They are located in the plasma membrane of cells and transmit
extracellular signals elicited by light or compounds like neural transmitters, hormones,
odorants to the cell interior where they activate GTP-binding proteins (G proteins). This
large superfamily of heptahelical molecules comprises receptors for dopamine, serotonin,
epinephrine, opioids, and cannabinoids, just to mention a few. According to various
estimates 30-40% of drugs under development target GPCR. The proper function of GPCR
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is critical for all higher forms of life. Structural and functional studies using purified
receptors are essential to understand the molecular mechanisms of their function and
facilitate rational design of drugs that target a disease with high specificity [78]. It has been
shown that GPCR require a fluid lipid matrix of proper composition for their function. SPR
is only beginning to be adapted to the needs of membrane proteins and to GPCR in
particular. The purpose of this review is (i) to give an introduction into the basics of the SPR
technique, and (ii) to address the challenges of its application to GPCR.

plasmon resonance

2.1. Phenomenon description

The SPR-based optical measurements do not require molecular labeling and are conducted
in real time with a typical time resolution from milliseconds to seconds. The SPR effect has
been known for more than a century but was interpreted as light-stimulated, collective
oscillations of valence electrons (surface plasmons) in thin solid layers much later [35, 52].
For most practical applications, thin gold layers with a thickness on the order of 50 nm on
the surface of a glass support are used. In a typical setup, a glass/gold interface is
illuminated through the glass with a convergent beam of light that is totally reflected from
the interface (Fig. 1). Plasmons are excited under a particular angle of incidence (6resonance)
and excitation observed as a corresponding minimum of light intensity at a particular angle
of reflection that is measured with a diode array detector. Experiments are commonly
conducted with monochromatic p-polarized infrared light (for Biacore, wavelength 760 nm)
generated by a light emitting diode.

Total internal reflection occurs upon a transition of light from a medium with higher
refractive index, e.g. glass (n1=1.5-1.8), to a medium with lower refractive index, e.g. water
(np=1.333). An evanescent light wave penetrates over a short distance into the medium with
the lower refractive index (about half a wavelength) (Fig. 1). The angle under which surface
plasmon resonance occurs depends critically on the refractive index of the medium adjacent
to the glass/gold interface. This allows to quantitatively record adsorption of biomaterials to
the interface but makes experiments also very sensitive to any change in solvent
composition, pH, ionic strength as well as temperature.

A comprehensive description of the physics of SPR including the theory of surface plasmons
and their excitation, details of design of various SPR instrumentation and sensor surface
preparation are provided e.g. in the Handbook of Surface Plasmon Resonance [34] [60] as
well as in reference [27]. A simplified, qualitative description of SPR with emphasis on
practical aspects of applications is provided in [19].

The number and variety of optical biosensors is steadily increasing (see a list of
commercially available instruments and technologies for example in [56]). In our review, we
refer mainly to Biacore instruments[1] as they have been the most frequently used in studies
on GPCR. A SPR instrument for biomedical applications consists of an optical detection
unit, a sensor chip, and a microfluidic liquid handling unit to deliver reactants to the sensor
surface. Since the refractive index is temperature dependent, the sensor chip as well as the
microfluidic handling unit must be thermostated. While optical detection and microfluidics
are universal, the sensor chip surface must be specifically designed for the application.

2.2. Sensor chips and immobilization techniques

A fundamental requirement for the sensor surface is its ability to immobilize one of the
interacting partners without interfering with activity. It is required that immobilization is
sufficiently strong such that microfluidic flows do not result in loss of material and
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reproducible to be able to conduct experiments under a variety of conditions. It may also be
desirable that such binding is reversible to enable repeated use of the same sensor chip.

The following chip surfaces (Fig. 2) are commercially available for immobilization of
interacting molecules, all of them gold coated [2]: (i) blank gold for attachment of molecules
via a thiol (-SH) group (e.g. Biacore Au-chips), (ii) saturated alkyl chains of various length
(e.g. Biacore HPA chips), (iii) alkyl chains of various length ending with a carboxylic group
(e.g Biacore C1 chip), (iv) polysaccharide chains like dextran of various length and density,
carboxy-methyl modified (e.g. Biacore CM3,4,5,7 chips), (v) polysaccharide chains like
dextran with lipophilic groups attached via carboxy-methylated sites (e.g. Biacore L1-chip).
(vi) chains ending with a nickel chelating nitrilotriacetic acid (NTA) group for capturing
recombinant proteins with a polyhistidine tag (e.g. Biacore NTA-chips). In addition, the use
of a variety of custom-made chips with properties that are specifically designed for
particular classes of biomolecules has been reported [21].

These different chips enable surface immobilization of proteins by a variety of techniques
such as: (i) coupling of protein thiol-, amino-, aldehyde-, or carboxyl groups to the sensor
surface or to coatings, (ii) capturing of proteins via natural or engineered binding sites or
tags, (iii) secondary interactions between already captured proteins and their interaction
partners, (iv) interaction of the lipid matrix containing the embedded protein with lipophilic
groups at the sensor surface. The coupling via formation of chemical bonds, e.g. amino
coupling, is usually irreversible while capture via affinity tags or hydrophobic interactions is
reversible and allows surface regeneration and re-use.

While in many reports utilizing Biacore, the immobilized interaction partner is called
“ligand”, in this review, in order to avoid confusion with the more common pharmacological
use of “ligand”, we reserve this term for natural and synthetic compounds that bind to
specific sites on the GPCR and modulate its activity. The interacting partner captured at a
surface of a sensor chip can be a small ligand, antibody or the receptor itself, depending on
experimental design. The interacting partner in the mobile phase will be referred to as
“analyte”.

2.3. Experimental design and data analysis

After one of the interacting partners is immobilized to the sensor chip surface and its
quantity estimated as the difference in the SPR signal before and after immobilization, the
binding experiment may be conducted. A change in the local refractive index measured by
the SPR instrument is proportional to changes in surface mass concentrations of
macromolecules up to 50 ng / mm? [66]. The refractive index of the medium near the chip
surface is also affected by the surface concentration of analyte. Therefore, the shift of the
SPR angle, also called the SPR response, provides a measure of the change in total surface
mass concentration under the condition that there are no other perturbing influences. For
Biacore instruments, the signal is reported in resonance units (RU). Very close to the chip
surface, 1 RU is equivalent to a protein surface concentration of about 1 pg/mm? [66] or to
an almost identical amount of lipid, 0.98 pg/mm? [18]. However, the sensitivity to refractive
index changes decays exponentially with increasing distance from the surface, typically to
1/3 at distances of 300-400 nm. Therefore, sensitivity may differ significantly between chips
and coupling reagents that cause differences in patterns of refractive index changes as a
function of distance from the chip.

The very high sensitivity of SPR to small changes in the refractive index near the surface is
beneficial for detection of the capture of very low amounts of material. At the same time it
can be seen as a disadvantage because it also detects minor compositional changes of
analyte solutions, any kind of mechanical perturbation, changes in temperature as low as
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+102 K and other causes of instrumental drift. Most of the unwanted perturbing influences
can be eliminated by measurement of the differential response between an active surface in a
primary cell and an inert but otherwise identical surface in a reference cell. Typically, the
binding partners are delivered via a microfluidic handling unit that supplies the same solutes
to the reference and measurement cells connected to the same microfluidic flow in series.

Binding of an analyte delivered by a microfluidic flow to an immaobilized interaction partner
at the interface results in a time-dependent SPR response called a sensorgram (Fig. 3). A
typical SPR experiment consists of (i) establishment of a stable baseline in the presence of
an appropriate flow of a running buffer, (ii) injection of a known volume (5- 425 pL for
Biacore) of an analyte at a flow rate in the range of 1- 100 pL/min (Biacore) for a defined
time of association, and (iii) injection of buffer to monitor analyte release from the surface,
(iv) regeneration of the chip by flowing solutions over the surface that result in guaranteed
release of analyte, if possible.

A theoretical maximal SPR response to ligand interaction with a known amount of
immobilized GPCR is easily calculated if the molecular weight of the GPCR, the ligand, and
the binding stoichiometry are known. A few typical examples are shown in Table 1. They
indicate that immobilization of a single layer of tightly packed GPCR at the surface of a chip
may yield up to several thousand RU. An even higher response to GPCR immobilization is
possible if surface capture occurs in multiple layers or in highly folded single layers.
However, such packing is usually undesirable because of restrictions for access of analytes
to the GPCR at the surface.

The binding response of an analyte is proportional to the ratio of molecular weights of
analyte and immobilized partner indicating that detection of the binding of typical ligands
with low molecular weight (MW = 500 Da or lower) is considerably more challenging than
detection of GPCR capture at the chip surface. The requirements for baseline stability
increase with decreasing amplitude of the SPR response from ligand binding. Establishment
of a stable baseline is particularly challenging for membrane proteins that require the
presence of detergents and/or lipids for their stability. Detergents and lipids loosely
associated with the protein and interface and may respond sensitively to changes in buffer
composition and the flow rate of buffer.

Special consideration should be given to design of experiments involving hydrophobic
ligands like the cannabinoids. These compounds readily partition into lipid bilayers or
detergent micelles making detection of their specific interaction with surface-captured
GPCR by SPR technically challenging. This difficulty, however, can be resolved if the SPR
detection relies on binding of larger, water-soluble molecules to the receptor-ligand
complex. The analyte can be either a cognate G protein or a specific antibody recognizing a
particular ligand-induced conformation of the receptor. Examples of such experimental
design are presented in this review.

Under favorable conditions, SPR does not just report an interfacial interaction of an analyte
with the surface but also the physico-chemical properties of this interaction. This is achieved
by measuring on- and off- rates of analyte binding (ko and kg, respectively) from a set of
sensorgrams detected as function of analyte concentration. The ratio of off- and on-rates
yields the thermodynamic dissociation constant Kp = kg/Kon [3]. Measurement of on- and
off- rates of analyte poses challenges due to the presence of an unstirred layer of solvent
with a thickness of several microns at the chip surface. Before reaching their interacting
partners at the chip, analytes must pass through this unstirred layer by diffusion which may
limit binding due to mass transport restrictions [62]. It also adds additional fit parameters to
the data analysis and may restrict precision of results. Diffusion rates through the unstirred
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layer of high molecular weight analytes are significantly lower than diffusion rates of
analytes with low molecular weight. Furthermore, the thickness of the unstirred layer
depends on the flow rate of the running buffer over the sample. Higher flow rates yield
thinner unstirred layers which may be beneficial for data analysis but also requires larger
quantities of analyte and may perturb the surface mechanically. Experiments as a function of
flow rate may help to determine the influence of mass transport through the unstirred layer
on analyte binding. Another approach of measuring Kp is to determine the steady state
response of analyte binding as a function of concentration and using the Langmuir
adsorption equation for interpretation. Ideally, both approaches yield similar dissociation
constants of analyte binding [63].

An additional technical issue to be aware of is that the immobilized interaction partner that
binds the analyte may have an intrinsic heterogeneity of analyte binding properties as well
as induced heterogeneity from immobilization on the chip surface. Methods for analysis of
results in case of more complex situations have been developed [22, 68-70, 82] [ 4].

The majority of applications of SPR involve measurement of protein-protein interactions of
the type antigen-antibody or peptide-receptor and only a small segment of SPR literature
deals with interactions involving peripheral- and integral membrane proteins including
GPCR [46, 57]. This is mainly due to difficulties with immobilization of GPCR at a solid
interface at sufficiently high density while ensuring adequate stability of the proteins to
allow functional studies by SPR [56]. In the following, we describe the current state of SPR
studies applied to GPCR. The review analyzes reports on GPCR interaction with various
binding partners and discusses prospects for novel applications of this technology to
receptor research.

3. Preparation of protein samples for SPR experiments

Structurally, GPCR are comprised of an extracellular region including an N-terminus and
three loops that connect transmembrane helices, the membrane region with seven
transmembrane helices that span the lipid bilayer and participate in signal transduction to the
interior of the cell, and the intracellular region consisting of three loops, and a C-terminal
region that may contain a short amphipathic helix imbedded into the lipid-water interface.
Depending on the specific receptor, binding of ligands occurs either to the N-terminal
domain or to a ligand-binding pocket comprised of the transmembrane helices. The
intracellular surface of the receptor is involved in interaction with cytosolic signaling
partners such as G protein and arrestin [73]. SPR offers an excellent opportunity to study
these interactions at the molecular level including information on binding affinity,
specificity, and kinetics. Furthermore, SPR has the potential to be used in a high-throughput
format for screening of drugs that target GPCR.

SPR requires substantial surface concentrations of functional GPCR either in their native
plasma membrane or purified and reconstituted into lipid bilayers or any other environment
that supports GPCR function. With the exception of rhodopsin, the vast majority of GPCR
are present in their native tissues at low levels preventing their investigation by SPR using
native membranes or isolation in a purified form via chromatographic procedures. A
technically feasible alternative is overexpression of GPCR in a heterologous system such as
bacterial, yeast-, insect-, or human cell lines. Critical for success are the selection of a proper
expression host that allows production at acceptable yield and expense, high stability and
functional activity of the GPCR, and the ability to introduce essential posttranslational
modifications [78]. Cell-free expression of GPCR is also gaining attention, although the
preparation of fully functional receptors by this method is still problematic [29].
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Cell-based strategies for expression of functional GPCR typically produce recombinant
receptor inserted into cell membranes. If the use of entire cell membranes is not practical,
the expressed protein needs to be solubilized in detergent micelles and purified by one or
more chromatographic steps to obtain a pure, homogenous preparation [79]. GPCR are
notoriously unstable once extracted from lipid membranes [23, 59, 78], and even short
exposure to detergents may induce irreversible unfolding. Furthermore, effects of detergents
on solubilization, purification and preservation of the functional fold of GPCR are somewhat
receptor-specific [59, 77].

Typically, SPR experiments require that the receptor remains stable at the chip surface for at
least several hours, and sometimes as long as several days, preferably at ambient
temperature. Several approaches to stabilize GPCR in a functional state in various
environments have been developed. It was observed that non-ionic- and zwitterionic
detergents are less harmful to GPCR, but optimization of solubilization conditions is often
required [59]. Supplementation of micellar solutions of GPCR with strong stabilizing agents
such as cholesteryl hemisuccinate (CHS) and/or strongly binding ligands, addition of
glycerol, adjustment of ionic strength, and lowering of temperature may further improve
stability [23, 78]. Alternative approach to GPCR stabilization involves mutagenesis to raise
the temperature of protein thermal denaturation [36, 40, 71]. It is also well known that
incorporation of membrane proteins into specific amphipathic environments such as
proteoliposomes or amphipols [11] greatly improves protein stability compared to detergent
micelles [5, 6, 37]. Another option to stabilize purified GPCR is their reconstitution into
nanodiscs that are small lipoprotein particles encircled by scaffolding protein [81].
Nanodiscs have the additional advantage that they allow unrestricted access to both the N-
and C-terminal faces of the lipid-embedded GPCR.

While many commercially available SPR biosensors are quite suitable for measuring the
kinetics of binding of water-soluble analytes to a target immobilized on a derivatized gold
surface, it is challenging to use them for functional studies of membrane proteins. The close
proximity of integral membrane proteins to a solid interface requires special surface
properties not to perturb their biological activity. Furthermore, in particular detection of
smaller ligands requires very high sensitivity that can only be achieved if the receptor
molecules are captured on the surface at high density (see Tab. 1). This, in turn, is quite
challenging for the low-abundant GPCR. Perhaps, the only exception is represented by the
rhodopsin-containing rod outer segment discs that can be used for surface immaobilization
without further enrichment of the receptor. For the recombinant GPCR expressed in
heterologous hosts, preparation of vesicles derived from expression host membranes,
solubilization in detergents, or reconstitution into liposomes and nanodiscs prior to surface
capture is required. Capture of the detergent-solubilized target receptor can be performed
either directly from the crude extract, provided that the interaction with the capture molecule
at the surface of the sensor chip is sufficiently strong and specific, or after chromatographic
purification of the GPCR and consecutive binding to the chip surface. The surface capturing
of nanodiscs can be performed via engineered tags either on the scaffolding protein or on the
receptor.

Membrane vesicles containing high concentrations of receptor can be captured on the sensor
chip as well. However, GPCR are typically oriented in a random manner in membrane
preparations or reconstituted into liposomes [42, 50] which may render a significant fraction
of receptors inaccessible for analytes.

Another approach to capture GPCR at the surface of sensor chips is the formation of planar
membranes that are tethered to the surface or held at the surface by tethered membrane
proteins. In order to accommodate transmembrane proteins with large cytosolic or
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extracellular domains, tethered spacers have been developed that keep the lipid bilayer at a
certain distance from the surface. That is achieved e.g. by using thiophospholipids that carry
a triethylenglycol spacer unit to capture membranes and membrane proteins [25]. Also
formation of self-assembled monolayers using hydroxyl- and cholesteryl-terminated thiols to
capture lipid bilayers was reported [20]. Immobilization of membrane proteins can be
achieved either by incorporation of protein from micellar solution into a pre-formed
membrane at the chip surface or by attachment of the protein to the chip with consecutive
formation of the surrounding membrane. On-chip reconstitution of detergent-solubilized
GPCR was reviewed by Cooper [17].

In addition, the membrane-embedded protein can be captured via hydrophobic interaction
with lipophilic chains on the sensor surface [37]. This preserves the lateral mobility of
receptor molecules which may be critical for studying interactions that involve formation of
receptor dimers or oligomers [62]. Surface capture can also be performed via specific
interaction of protein tags, labels or epitopes with the sensor chip.

4. SPR studies of GPCR interactions

While the majority of applications involve surface capture of the target GPCR on a sensor
chip for interaction with analytes, there are also a few examples where the GPCR itself was
used as analyte. Methods for surface capture of GPCR can be separated into two categories
to produce either randomly or uniformly oriented protein on the sensor surface (Table 2).
Random orientation may be desirable when GPCR-containing vesicles are immobilized via a
tag on the receptor since it guarantees that there are always receptor molecules at the surface
with their N-terminal- or C-terminal side available for interaction with analytes. In contrast,
a uniform orientation of receptor molecules allows controlling access to epitopes on the
receptor, e.g. for quantitative studies of ligand-, antibody- and G protein interaction.

4.1. Studies on GPCR captured in random orientation

A random orientation of receptor molecules on the sensor surface results either from non-
specific attachment of the receptor to the surface, e.g. by amine coupling or incorporation
into pre-formed bilayers, or from random orientation of protein molecules in a captured
proteoliposome or native membrane vesicle.

4.1.1. GPCR in planar membranes

Rhodopsin: Since bovine rhodopsin can be conveniently isolated at high concentration from
rod outer segment discs (ROS) of bovine retinae, it was the most frequently investigated
GPCR until the recombinant expression and stabilization techniques for these receptors
became more readily available. Salamon et al. [58] reported capturing of rhodopsin in a lipid
bilayer. The procedure involved formation of a phosphatidylcholine (PC) bilayer on the
silver layer of an SPR chip. Incorporation of bovine rhodopsin into the lipid layer was
achieved by addition of a solution of rhodopsin/octyl glucoside (OG)/lipid mixed micelles
that was diluted below the critical micelle concentration (CMC) of the detergent OG in the
aqueous compartment of the SPR cell (Fig. 4 A). Similarly, successful reconstitution of
purified rhodopsin from rhodopsin/OG/egg-PC mixed micelles into micrometer-sized
alternating regions of pure, fluid phospholipid bilayers separated by bilayers composed of an
outer phospholipid leaflet on a gold-attached inner thiolipid was reported (Fig. 4 B) [25]. In
both cases, the ability of rhodopsin to bind transducin in the dark and to dissociate from it in
the presence of GTP upon illumination with light was recorded by SPR demonstrating
functional reconstitution of rhodopsin on the biosensor surface.
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Another approach to surface capture was demonstrated in [31], where rhodopsin was
immobilized by amine coupling to the hydrophobic surface of a L1 sensor chip at a
concentration equivalent to 4,000 RU followed by formation of a lipid bilayer (Fig. 4 E).
The ability of the receptor to bind a transducin was preserved; the release of G protein was
demonstrated upon photoactivation of rhodopsin in the presence of GTP. In another
approach using a L1 chip, rhodopsin at a concentration of 30 pg/mL was directly captured
from mildly sonicated ROS at a surface density equivalent to 4,000 RU (Fig. 4.D). The
presence of rhodopsin on the surface was confirmed by binding of a specific antibody.
However, questions regarding the structure of rhodopsin-containing bilayer fragments at the
surface and the functional state of the GPCR remained unanswered [41].

Recombinant GPCR: For human olfactory receptor OR 17-40 several strategies for
capturing the receptor on a chip surface in an environment of native lipids were developed.
The OR 17-40 and its cognate G- subunit (Gqf) were co-expressed in membranes of the
yeast Saccharomyses cerevisiae. The Biacore L1 sensor was used to attach receptor-
containing membrane vesicles (nanosomes) to the sensor surface resulting in formation of
planar membranes containing randomly oriented receptor at a surface density of ~ 3,000 RU
(Fig. 4D) [76]. Due to the low molecular weight and hydrophobicity of odorant ligands, their
binding could not be directly monitored by SPR. However, the desorption of Gq+ triggered
by the ligand helional in the presence of GTPyS was measured quite accurately. Using the
same experimental setup, a specific interaction of the odorant binding protein to the receptor
and its release by specific ligands was demonstrated and the values of ku at 25° C for two
binding sites (1.5 x 104 s™2 and 3.1 x 10°® s71) were reported [74].

Capture of recombinant human CCR5 chemokine receptor in membrane bilayers onto a
custom designed hydrophobic surface (Fig. 4 C) was reported [53]. By using monoclonal
antibodies against either the N- or C-termini of the receptor, the presence of randomly
oriented receptor molecules in the bilayer was established. The receptor retained ligand
binding competence upon surface immobilization as demonstrated by chemokine binding.

4.1.2. GPCR in membrane vesicles—Rhodopsin in ROS prepared as described in
section 4.1.1. [41] was also captured onto an antibody-coated sensor chip taking advantage
of the corresponding C-terminal nanopeptide epitope on the receptor (Rho-tag, Fig. 4 F).
The presence of rhodopsin on the surface was confirmed by binding of antibody 1D4, the
same as used for capturing. However, the functional state of immobilized receptor was not
tested.

Other examples of capture of GPCR-containing membrane vesicles, described in the
following paragraphs, were reported for the recombinant olfactory receptor 17-40 expressed
in yeast nanosomes [75] [8], chemokine receptor CCR5 produced in COS-1 cell membranes
[65], the a, adrenergic receptor [64], and StaR adenosine A,a receptor [15], both expressed
in insect cell membranes.

A comparison of strategies to capture olfactory receptor (OR) nanosomes onto different
functionalized surfaces was performed in [75]. Both, specific attachment via uniformly
immobilized antibodies against N-terminal c-Myc and C-terminal HA protein tags (Fig. 4 F
and G), or non-specific adsorption of the receptor-containing vesicles were investigated.
Best quantitative capture of functional receptor was observed when the OR was specifically
attached via the C-terminal tag [75]. The capture method was further advanced by using the
N-terminal c-Myc tag on the receptor interacting with an anti- c-Mycantibody randomly
adsorbed on a gold surface [8]. Only an estimated 11% of surface-attached antibodies were
properly oriented to interact with the OR resulting in biofilms with lower thickness and
higher porosity than those obtained by using uniformly oriented antibodies for OR captur.
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The low density of receptor-containing nanosomes on the sensor surface gave rise to a
measurable increase in odorant sensitivity which was attributed by the authors to a better
access of GTPyS to the receptor-bound Gq¢. It was also reported that the nanosomes with a
diameter of 50 nm, containing up to ten receptor molecules per vesicle, flattened out due to
collapse of the particle upon capture at the chip surface but did not merge into a continuous
bilayer.

In all studies on OR 17-40, whether in closed membrane vesicles or in planar membranes,
the detected desorption response of G triggered by odorant binding was of low
magnitude (~ 20 RU) indicating potential problems with delivery of odorant ligands to the
binding site on the receptor or low receptor/Ga density on the surface. However, these
biofilms generated signals that were reproducible, ligand-specific, and, therefore, useful to
assess functionally relevant binding of various interaction partners to OR.

Vesicles containing chemokine receptor CCR5 were specifically captured via a C-terminal
Rho-tag on the receptor by the above mentioned 1D4 monoclonal antibody immobilized on
a functionalized gold surface (Fig. 4 F) [65]. Binding of antibodies and a chemokine ligand
to the captured receptor confirmed the presence of ligand binding-competent receptor on the
sensor surface. Furthermore, a, adrenergic receptor membranes were captured onto an
antibody-coated CM5 chip via a C-terminal HA affinity tag or a GPCR internal epitope on
the receptor [64], and adenosine A, receptor vesicles were captured via a receptor C-
terminal polyhistidine tag onto a Ni*2-loaded NTA chip [15]. Both surface-immobilized
receptors retained the ability to bind ligands.

4.2. GPCR captured in uniform orientation

Surface capture of GPCR in a desired orientation can be achieved by taking advantage of a
naturally occurring carbohydrate moiety, binding epitopes, or engineered affinity tags like
Rho-tag, Flag-tag, c-Myc-tag, poly-histidine tag, or biotin tag placed at either the N- or C-
terminus of the receptor. SPR studies on surface-attached GPCR can be performed (i) using
detergent-containing buffers, (ii) upon formation of a lipid bilayer around the captured
receptor, or (iii) after reconstitution of the GPCR into nanodiscs. The advantage of the
nanodiscs over bilayers is that both sides of the captured receptor are potentially accessible
for interaction with the binding partners. Furthermore, nanodiscs allow selection for receptor
monomers or dimers which could be important for understanding mechanisms of activation
of cognate G protein.

4.2.1. Planar membranes

Rhodopsin: In order to capture bovine rhodopsin in a uniform orientation, ROS membranes
were solubilized in detergent, and carbohydrates attached at the N-terminal end were
specifically biotinylated. This facilitated interaction of rhodopsin with streptavidin
immobilized on a mixed self-assembled monolayer (SAM) and created micropatterns of
receptor molecules with the intracellular domain pointing away from the surface (Fig. 4 H)
[9]. The removal of detergent upon dilution generated a supported lipid bilayer used for
studies of binding of a transducin. Activity of the immobilized, dark adapted rhodopsin was
monitored by inducing desorption of G protein by a flash of light performed in the presence
of GTP. Binding of 11-cis- or 9-cis retinal by opsin was evaluated, and the Kp value at
ambient temperature for binding of 11-cis retinal to opsin determined to be 130 nM.

In a somewhat simplified approach, rhodopsin was directly captured from solubilized ROS
membranes via its N-terminal carbohydrate moiety on a CM5 sensor coated with covalently
attached concanavalin A (ConA) lectin (Fig. 4 H) [13, 51]. While a continuous planar
membrane was not formed in this case, lipids were still present on the chip surface as
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membrane patches. Using this strategy, capture levels of 600-1,000 RU for the GPCR and
400-700 RU for cognate G proteins were achieved. The captured rhodopsin retained activity
as a catalyst for GTP exchange on G protein subunits and was stable for several days at
ambient temperature. The study of the interaction of rhodopsin with G protein subunits
reveled a relatively low affinity to G, and Ggy,1 when binding to these subunits was
performed separately (Kp at ambient temperature ~ 300 nM) and much tighter binding
when the heterotrimeric G protein was provided in the assay.

Chemokine receptors: Detergent-solubilized chemokine receptors CXCR4 and CCR5,
which are essential mediators of the immune response and entry receptors for HIV, were
successfully captured onto a L1 chip coated with 1D4 antibody followed by reconstitution of
a lipid bilayer around the captured receptor (Fig. 4 1). The binding of a native chemokine
ligand of CXCR4 (stromal cell-derived 1a) and of conformation-specific antibodies to the
reconstituted receptor was demonstrated [67]. Capturing without membrane formation was
also attempted (see below). The results suggest that both detergent-solubilized as well as
membrane-reconstituted receptors preserve the ability to bind a specific ligand.

4.2.2. GPCR in detergent

Capture via carbohydrate moiety: Native rhodopsin solubilized in CHAPS from ROS disc
preparations was captured onto a concavaline A-coated CMS5 chip via its N-terminal-located
carbohydrate chains [33] (Fig. 4 K). The binding of G; to photoactivated rhodopsin in the
absence of nucleotides was characterized. A Kp value of ~ 13.6 nM was determined for the
heterotrimeric G protein at 25 °C [33]. However, only about 6-9% of available binding sites
were occupied by G protein upon light-activation of the receptor at maximal G protein
concentration. The same authors studied alternative capturing strategies for the native
rhodopsin (Fig. 4 J and K) and established better capturing of the receptor via its C-terminal
rather than N-terminal epitope [32].

Capturevia Rho-tag: Purified recombinant rhodopsin, generated by expression of opsin in
COS-1 cells and reconstituted with 9-cis retinal, was solubilized in CHAPS and captured via
its C-terminal epitope onto a 1D-4 antibody-coated sensor chip surface (Fig. 4 J) [32]. The
recombinant receptor was able to bind G; upon light exposure and to dissociate from it in the
presence of GTP. While the affinity of this interaction at 25° C (Kp = 9.1 nM) was similar to
the one determined for native rhodopsin [33], the rates of association and dissociation were
3-4 times lower at the same temperature. Furthermore, regeneration of rhodopsin activity
using 9-cis retinal took significantly longer to complete [9]. This suggests that some
structural features of rhodopsin might be affected in the absence of a proper lipid bilayer.

The capture of chemokine receptors CCR5 and CXCR4 via a C-terminal Rho-tag was
studied as well [43]. Stenlund et al. [67] established a method for capturing of functional
receptor from crude cell lysate extracts on two different antibody coated surfaces, a CM5
chip (Fig. 4 J) and a hydrazide-modified L1 sensor chip (Fig. 4 1). Carboxymethylated
dextran chips (mostly CM4) were further used to explore detergent solubilization and
crystallization conditions for chemokine receptors, to develop purification strategies, and to
study interaction with HIV envelope glycoprotein gp120, ligands, and small-molecule
inhibitors. Functionality of the captured receptors was investigated by ligand binding [44,
45, 67] and interaction with antibodies that recognize structural epitopes in the extracellular
N-terminal domain of the receptors [47, 48, 55, 67].

Similar to the chemokine receptors, the successful capture of C-terminal Rho-tag modified
olfactory receptor OR 17-4 expressed in HEK293S cells [16] was demonstrated (Fig. 4 J).
The receptor solubilized from a crude cell extract with detergent was captured on the 1D4-
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antibody-coated surface of a CM4 sensor chip at a surface density of 2,800 RU. In addition,
capture of the same receptor via a poly-histidine tag onto an anti-His antibody-coated CM4
chip resulted in a surface coverage equivalent to 4,000 RU [30]. Such high densities of
capture enabled direct measurement of binding of small odorant ligands: undecanal (170
Da), lilial (204 Da) and floralozone (190 Da). While specific- and dose-dependent binding
was shown and ligand binding affinities estimated to be in the low j.M-range at ambient
temperature, the magnitude of these responses did not exceed 8 RU. The low water
solubility and low molecular weight of the ligands in combination with a relatively low
affinity for the receptor render this SPR-based ligand binding assays very challenging. On
the other hand, a quantitative capture of receptor molecules with a uniformly accessible
extracellular surface makes the detection of the ligand binding event by SPR feasible.

Cannabinoid receptor type 1l (CBy) was expressed in E. coli cells as a C-terminal fusion
with the thioredoxin A (TrxA) of E. coli and a Rho-tag, and captured either directly from
crude cell extracts (as a N-terminal fusion with maltose-binding protein (MBP)) or after
purification and removal of expression tags, at a density of about 3,000 RU. The
accessibility of eptitops on the receptor and affinity at 25 °C, (Kp ~2.2 nM) of a monoclonal
antibody against CB, were determined. The kinetics of removal of the N-terminal MBP
from the fusion by action of specific TEV protease was studied on a surface-captured MBP-
CB,, fusion protein by SPR [38].

Capturevia FLAG-tag: The N-terminal FLAG-tag was used to capture the By-adrenergic
receptor on a custom-made surface in an oriented fashion (Fig. 4 K) [49]. Special attention
was paid to avoiding surface-induced denaturation of receptor by introducing a spacer
between the metal surface and the GPCR. The receptor was delivered to the surface
solubilized in dodecyl maltoside (DDM) micelles and ligand binding competence upon
immobilization was confirmed in real-time by fluorescence microscopy to monitor the
conformational changes of the receptor in response to binding of an agonist. While it
remains to be seen if ligand binding can also be measured by SPR, this approach is
promising since formation of a lipid bilayer that may limit access to one surface of the
receptor is not required for its functional immobilization.

Capturevia HA-tag: The use of the N-terminal HA-tag to capture the a,-adrenergic
receptor in an oriented fashion on the surface of a CM5 sensor chip coated with anti-HA
monoclonal antibody was reported (Fig. 4 J) [64]. Receptor expressed in insect Sf9 cells was
captured after solubilization in DDM and Big CHAP detergents. Binding of several low
molecular weight ligands to the receptor was detected generating binding responses ranging
from 1-2 to ~37 RU.

Capturevia Histag: Capture of the recombinant human cannabinoid receptor CB,
expressed in E. coli and purified by affinity chromatography was performed using a C-
terminal decahistidine tag [80] (Fig. 4 J). A custom-modified gold surface covered with a
polyethylene oxide SAM with controlled density of Nit2-NTA functional groups was used.
The receptor was stable when delivered to the surface in buffers containing DDM, CHAPS,
the cholesterol derivative CHS, glycerol and a high affinity cannabinoid ligand CP-55,940,
at 8°C. The surface could be regenerated at mild conditions by supplementing the running
buffer with high concentrations of imidazole. At ambient temperature, partial inactivation
and irreversible precipitation of the receptor on the chip surface occurred [72].

The use of the C-terminal His-tag for receptor capture was demonstrated for surface
immobilization of the thermostabilized A, adenosine receptor (StaR) produced in
Trichoplusia ni (Tni) cells. Purified receptor molecules were deposited onto a Ni*2-charged
NTA chip, either reconstituted into membranes (section 4.1.2.) or solubilized in detergents
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at densities equivalent to 10,000 or 7,000 RUs, respectively (Fig. 4 J) [15]. Functional
activity was established by binding of the ligand xanthine amine congenerer (XAC). The full
kinetic analysis of ligand binding for five antagonists with molecular weights in the range
from 286-428 Da, a kinetic screening of antagonists binding, and a binding screen of ligand
fragments selected from a compound library (MW 136-194 Da) were successfully
performed demonstrating the viability of SPR for characterizing the binding properties of
StaR. The capturing strategy was further adapted to map the ligand binding pocket on the
receptor [83]. The new method, called “biophysical mapping” involved single amino acid
substitutions on the stabilized receptor at positions likely involved in interaction with
ligands. Receptor variants were then solubilized from HEK-293T cell membranes, captured
onto the sensor surface, and the binding of each of them to a set of ligands tested at 10°C.
GPCR capturing levels were between 4,000-10,000 RU while ligand binding responses were
below 40 RU, sometimes as low as 2 RU.

In another study [54], His-tagged StaR A,a R and B;AR proteins were immobilized by a
hybrid capture-coupling technique consisting of a mild pre-concentration of receptors via the
His-tag on the Ni-NTA surface and subsequent amine coupling to the pre-activated surface
(Fig. 4 L) resulting in stable protein layers. The binding of eight low molecular weight
antagonists ranging in affinity from 2.8 nM to 84 M at ambient temperature was
characterized by SPR.

4.2.3. GPCR in nanodiscs—CCR5 with a C-terminal Rho-tag incorporated into
nanodiscs was captured onto a CM5 sensor chip surface via 1D4 antibody interaction (Fig. 4
M) [81]. The stability of the receptor reconstituted into nanodiscs or solubilized in detergent
micelles was evaluated by monitoring SPR binding responses of a conformation-sensitive
antibody. While CCR5 in nanodiscs yielded a stable SPR signal for up to 24 hours at 4°C,
the receptor was rather unstable in 1% DDM with a half-life of less than 2 hours. Dose-
dependent binding of a chemokine MIP-1a monomeric variant (MW 12 kDa) containing
three amino acid substitutions to the nanodisc-imbedded receptor yielded a Kp=5 pM at
ambient temperature. However, the SPR response with amplitude of less than 10 RU was
rather low. Previously reported values of ICsq obtained from competition binding
experiments [10] and Kp values obtained by saturation binding [14], both using radiolabeled
ligand, yielded affinities in the subnanomolar range, suggesting that optimization of the
procedure to measure interaction of molecules with nanodisc-reconstituted proteins is
required.

4.2.4. Virus- and cell-based SPR—TFor the study of low-affinity interactions, a
quantitative immobilization of one of the binding partners is desirable. High surface
densities of chemokine receptors in a native lipid environment were achieved by
immobilizing virus particles expressing recombinant CXCR4 and CCR5 receptors by amine
coupling on the surface of C1 and CM3 biosensors [26]. Receptor function was tested using
specific, conformational-sensitive antibodies. Furthermore, the thermodynamic dissociation
constant for interaction with gp120 at 25° C was estimated to be 506 nM.

A SPR-based approach to measure whole cell responses triggered by ligands and mediated
by GPCR was reported [12]. Chinese hamster ovary (CHO) cells stably expressing either
muscarinic acetylcholine receptor M2 (MAChR M2), dopamine receptor (DR D2),
leukotriene B4 receptor (BLT1) or platelet-activating factor receptor (PAFR) in addition to
endogenous GPCR were grown on the gold surface of a SPR sensor chip. A dose-dependent
SPR response was observed after stimulation with cognate ligands, and the ECsq values
determined. The SPR response was attributed to density changes at the sensor chip surface
resulting from cytoskeletal rearrangements upon agonist binding to the GPCR. While the
study presented an interesting attempt to characterize the in-vivo response of several
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recombinant GPCR to various stimuli, this approach did not allow accurate measurements of
the affinity of interaction of a GPCR with binding partners. The system could be potentially
useful for screening of libraries of compounds that modulate GPCR signaling in an
environment that closely resembles native tissues.

4.3. GPCR as an analyte

Studies of ligand-GPCR interaction can also be performed using a target receptor as a
“soluble analyte” while ligands are attached to the surface of the sensor chip. An example of
this approach was reported by Michalke et al. [39] using the recombinant human parathyroid
hormone receptor (huPTH1R). The GPCR was expressed in E. coli as inclusion bodies,
solubilized and refolded in detergent micelles, and its affinity to surface-immobilized
parathyroid hormone (PTH) studied by SPR. The 4.1 kDa PTH peptide ligand was
covalently attached to a CM5 chip by amine coupling. Immobilization of the ligand resulted
in an interfacial binding of the refolded receptor allowing rapid regeneration of the chip
surface by flushing with SDS solution. Following a similar strategy, binding of the
neurotensin receptor to a ligand-coated SA chip (Biacore) and of the glucagon-like peptide-1
receptor to a captured cysteinylated agonist were reported in [24] and [61], respectively.

The use of GPCR as an analyte has the advantage of generating a very high SPR response to
GPCR binding. The challenge is the need for development of surface-tethered ligands with
high affinity for the GPCR. This is easier to achieve for hydrophilic ligands such as water
soluble peptides than for small hydrophobic ligands. The same technology is used for
selective adsorption of functional GPCR molecules to the packing material of columns for
receptor purification. A disadvantage for functional studies could be that tethered ligands
may not have the same affinity for GPCR as their untethered counterpart.

5. Conclusions

This review illustrates that SPR was successfully applied to study GPCR isolated from
native tissues (rhodopsin) or produced by recombinant expression. Since the introduction of
SPR methodology in early 1990s, there has been a steady increase in the number of
published papers on applications to GPCR (Fig. 5). We are aware of SPR experiments with
13 different types of GPCR. However, SPR studies using rhodopsin and chemokine
receptors represent about half of published reports. The mechanism of activation of G
protein was studied for two GPCR only, the olfactory receptor and rhodopsin. While the
majority of early SPR studies focused on bovine rhodopsin, more recently the fraction of
papers on a variety of recombinant receptors increased. This trend parallels the increase in
the number of reported high resolution structures of GPCR and is the result of significant
technical advances in expression, structure-preserving purification and stabilization of these
receptors.

The applications covered investigation of (i) mechanistic aspects of GPCR activation by
measuring the turnover of G protein triggered by an inducer (light or small ligands), (ii)
characterization of binding partners such as antibodies, ligands, or allosteric modulators, and
(iii) high-throughput screening of buffers to optimize solubilization and crystallization
conditions, as well as screening for binding of ligands and ligand fragments. Earlier
publications focused on the development of procedures to capture GPCR on SPR chips
while more recent papers explore application of SPR to study interaction with binding
partners and to high-throughput screening of ligands and conditions for analyte binding.
Considering the high cost of sensor chips for SPR, it is highly desirable that the surface can
be regenerated and re-used. In many instances this requirement is met by using affinity tag-
antibody interactions that also ensure high stability of the SPR signal over long injection
times in addition to surface regeneration. Non-specific surface attachment of membrane
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vesicles containing GPCR is less desirable since it usually does not generate a steady SPR
response.

The intrinsic instability of GPCR in detergent micelles complicates SPR studies and makes
preservation of the functional structure of receptors on a sensor chip a particularly
challenging task. To assess the functional state of the receptor captured to the sensor chip
surface, binding of G protein, ligands, and of conformation-specific antibodies is performed.
Measurement of the cellular response upon treatment with ligands that bind to specific
receptors expressed by the cell was also reported. The quantitative measurement of G
protein binding is quite challenging and depends on several parameters such as the
functional state of the receptor, accessibility of the relevant epitopes to ligand and G protein,
and the presence of a lipid bilayer. A direct, quantitative measurement of small ligand
binding can be performed reliably with (i) hydrophilic ligands such as peptides or hormones,
and (ii) on receptors captured at the surface at sufficiently high density. Hydrophobic
ligands, on the other hand, tend to partition into the lipid matrix or the micelles which makes
SPR determination of their specific binding to the receptor extremely challenging. Binding
of conformation-specific antibodies may, in principle, deliver more accurate, quantitative
results on the functional state of the receptor provided that an antibody that selectively
recognizes a functional fold of the receptor is available.

In addition to ligand binding, studies of the turnover of G proteins on a ligand-activated
receptor are very informative. They not only confirm the ability of the receptor to
specifically interact with ligands but report on the entire cascade of conformational changes
that lead to activation and release of G protein. It is desirable to conduct experiments on
receptors imbedded into lipid bilayers since the lipid matrix stabilizes the GPCR and
provides a native-like environment for interaction with G protein. Such experiments do not
necessarily require a uniform orientation of captured receptor molecules as long as there is a
sufficient fraction of receptor molecules with an accessible C-terminal surface and
unrestricted access to the ligand binding site. However, the scenario in which the captured
GPCR is randomly oriented on the chip surface may present problems for reproducibility of
experiments and for quantification of the SPR response. On the other hand, a uniform
orientation of lipid-imbedded receptors on the chip surface, either in nanodiscs or in tethered
planar bilayers generates a more native-like environment with higher surface density of
quantifiable receptor that is properly oriented for interaction. Experiments on oriented
GPCR in single lipid bilayers are likely to be more challenging than experiments on
nanodiscs because in bilayers only the intra- or extracellular surface of the receptor are
exposed to analytes. In this regard, the use of hydrophobic ligands is potentially an
advantage since they readily partition into the lipid matrix and may access the binding site
on the receptor from the lipid matrix, see e.g.[61, 83]. While bilayers attached to the surface
via tethered lipids may present a good experimental setup since they allow lateral mobility
of imbedded proteins, they require custom designed SAM at the chip surface that may not be
readily available to most users.

Compared to other methods for conducting functional studies on GPCR, e.g. ligand binding
studies on GPCR-containing cell membrane preparations using a radioactive assay or G
protein-activation studies, application of SPR has the advantage of potentially producing
quantitative data on analyte binding that are difficult to measure by other methods, e.g. rates
of analyte binding and release, but are of high relevance for pharmacological applications.
Furthermore, SPR experiments are easily converted to a high-throughput format for
automatic screening of a large set of analytes. The challenges with application of SPR are
the necessity of achieving reproducible immobilization of GPCR at high concentration at the
chip surface in an environment close to natural conditions such that function is not impaired.
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Regarding stability of GPCR and proper function, the stable and physiologically relevant
environment provided by lipid bilayers has many advantages over detergent-micelles.
Therefore, the use of supported lipid bilayers is attractive for application of SPR to GPCR.
The recently developed nanodisc technology still needs further testing in SPR applications
to ensure sufficient surface density of captured nanodiscs and to account for possible
artifacts in receptor function caused by the presence of scaffolding protein. However the
method holds promise for SPR applications to GPCR since it potentially allows uniform

or

ientation of surface-captured receptor molecules while maintaining unobstructed access to

both intra- and extra-cellular surfaces of the receptor.
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PTHR parathyroid hormone receptor
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BLT1

PAFR

GLP-1R

chemokine receptors

adrenergic receptors

neurotensin receptor

adenosine receptor

CB,, cannabinoid receptor type Il
muscarinic acetylcholine receptor
dopamine receptor

leukotrien B(4) receptor
platelet-activating factor receptor
glucagon-like peptide-1 receptor
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light source detector
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Figure 1. SPR measurements

A. Schematic presentation of the optical system to detect SPR phenomena: TIR - total
internal reflection, ny and n, — refractive index of glass and the medium adjacent to the
glass/gold interface, respectively. The amplitude of the evanescent wave field decays
exponentially with distance from the surface. B. Dependence of intensity of reflected light
(1) versus the angle of reflection (0). The arrow indicates a shift in the angle of plasmon
resonance (Oresonance) due to the presence of macromolecules at the sensor surface.
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Figure 2. SPR sensor chips
Schematic presentation of commercially available sensor chips from Biacore (GE
Healthcare). The 50-nm-thick gold layer is shown in yellow, saturated alkyl thiol chains of
different length in blue, dextran chains of different length in green, lipophilic groups in
black, red dots represent carboxylic groups attached to the surface layer with or without
dextran, and blue dots are nitrilotriacetic acid groups.
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Figure 3. Sensorgram showing the capture of a GPCR followed by surface regeneration
Recombinant Rho-tagged cannabinoid receptor type 11, CB,, from cell lysate was captured
to a 1D4 antibody-coated CM4 chip and the surface regenerated afterwards. Arrows show
injection of lysate, buffer, and regeneration solutions, respectively; the labels i, ii, iii, and iv
correspond to the typical steps of a SPR experiment as presented in section 2.3 [38].
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Figure 4. Methods of surface capture of GPCR for SPR studies

A: Formation of a GPCR-containing lipid bilayer on a sensor chip by providing the GPCR in
detergent micelles to a pre-formed supported PC bilayer [58]. B: Formation of a GPCR-
containing lipid bilayer on a sensor chip by providing the GPCR in PC/detergent mixed
micelles to a patterned organic monolayer consisting of alternating regions of carboxyl-
exposed thiols (CTA) and hydrocarbon-exposed thiolipids [25]. C: Capture of GPCR-
containing membrane vesicles onto a phospholipid/thiohexa (ethylene oxide) octadecane
(THEO-C18) mixed monolayer on a gold surface [53]. D: Capture of GPCR-containing
membrane vesicles onto a L1 sensor chip [41, 74, 76]. E: Immobilization of a GPCR in
detergent micelles by amine coupling on a L1 chip followed by injection of lipid/detergent
mixed micelles and formation of a lipid bilayer [31]. F and G: Capture of GPCR-containing
membrane vesicles via tags or epitopes. Capture methods take advantage of the following
interactions: Rho-tag/1D4 antibody [41, 65], c-Myc/antibody [8, 75], HA-tag or GPCR
internal epitope/antibody [64] his-tag/NiNTA [15]. H: Capture of a GPCR delivered in
detergent-solubilized membranes onto a functionalized surface. Examples include the use of
a GPCR biotinylated at N-terminal carbohydrates and a patterned monolayer consisting of
w-hydroy-undecanethiol (HTA) and biotinylatedthiols to which streptavidin was attached [9]
or a non-labeled GPCR attached via carbohydrates to an immobilized lectin [13]. I: Capture
of a GPCR in detergent micelles via a C-terminal tag on an antibody-coated L1 chip
followed by injection of lipid/detergent mixed micelles and formation of a lipid bilayer [67].
Jand K: Capture of a GPCR in detergent micelles onto a functionalized surface. Capture
methods were based on the following interactions: N-terminal cahrbohydrates of the GPCR/
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Concanavalin A [32, 33], N- and C-terminal GPCR epitopes/antibody [32], GPCR internal
epitope or HA-tag/antibody [64], biotinylated N-terminal carbohydrates of the GPCR/
streptavidin or FLAG-tag/antibody [49], Rho-tag/1D4 antibody [16, 32, 38, 44, 45, 47, 48,
55, 67], His-tag/anti polyhistidine antibody [30], or His-tag/NiNTA [15, 72, 83]. L: Capture
of a GPCR in detergent micelles via C-terminal His-tag onto a NTA chip followed by amine
coupling [54]. M: Capture of GPCR-containing nanodiscs via a C-terminal Rho-tag on the
GPCR onto an antibody-coated surface [81].
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Figure5. Analysis of SPR publicationson GPCR

A, Timeline of publications on SPR applied to the study of GPCR. The receptors analyzed
include rhodopsin (Rho) [9, 13, 25, 31-33, 41, 58], chemokine receptors CCR5 and CXCR4
(ChR) [26, 44, 45, 47, 48, 53, 55, 65, 67, 81], B1, P2 and a, adrenergic receptors (AR)[49,
54, 64], olfactory receptors (OR) [8, 16, 30, 74-76], neurotensin receptor (NTS-1R)[24],
adenosine receptor (Aa2R)[15, 54, 83], parathyroid hormone receptor (PTHR)[39],
glucagon-like peptide-1 receptor (GLP-1R)[61], cannabinoid receptor type Il (CB>) [38, 72],
muscarinic acetylcholine receptor (MAChR), dopamine receptor (DR), leukotrien B(4)
receptor (BLT1), and platelet-activating factor receptor (PAFR)[12]. B, SPR studies of
GPCR over time. Publications were grouped according to the main focus of the reported
study. Some of the papers with main focus on development of strategies for capture of
GPCR may include confirmation of the functional state of GPCR performed by SPR [8, 32,
53, 65, 75] or by another method [49] and some of them do not [41, 72]. Studies on capture
of GPCR and investigation of a functional response include [9, 12, 13, 25, 31, 33, 58, 74,
76], capture and/or binding studies with ligands or antibodies [16, 24, 26, 30, 38, 39, 61, 67,
81], and high throughput screening [15, 44, 45, 47, 48, 54, 55, 83].
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Maximal theor etical response (RU) of a Biacor e 3000 instrument with a flow cell area of
1.2 mm2[1] for asinglelayer of GPCR in detergent, a lipid bilayer, or nanodiscs, and to

binding of ligand

GPCRin max RUZ total (GPCR+ lipid/ max RU GPCR (42kDa)  max RU2 ligand (500 Da)
detergent)

Detergent3 7,300 3,650 43

lipid bilayer4, no GPCR 5,000 N N

lipid bilayer, GPCR/lip. 1/70, mol/mol 6,150 2,630 31

lipid bilayer, GPCR/lip. 1/250, mol/mol 5,340 930 11

lipid bilayer, GPCR/lip. 1/500, mol/mol 5,130 490 6

lipid bilayer, GPCR/lip. 1/1000, mol/mol 5,020 250 3

Nanodiscs® 3,830 890 10

1It is assumed that 1 RU is equivalent to a surface concentration of 1x10-12 g/mm2 for protein [ref 63] and 0.98x10"12 g/mm2 for lipid [ref 16].

It is assumed that the GPCR binds the analyte at a 1/1 stoichiometry. The maximal response to analyte binding is proportional to the ligand/GPCR

ratio of molecular weights.

3It is assumed that the GPCR has a circular lateral area of 900 A2 [28] and that the GPCR/detergent weight ratio per micelle is 1/1.

4It is assumed that the lateral area per lipid is 65 AZ and the lipid molecular weight 800 Da.

5It is assumed that the nanodiscs have a circular lateral area of 7,390 A2 (MSP1D1) [7], contain 112 lipids and one GPCR per disc.
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