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Abstract

Receptor–ligand interactions play a crucial role in biological systems and their measurement forms an important part of modern pharmaceutical
development. Numerous assay formats are available that can be used to screen and quantify receptor ligands. In this review, we give an overview
over both radioactive and non-radioactive assay technologies with emphasis on the latter. While radioreceptor assays are fast, easy to use and
reproducible, their major disadvantage is that they are hazardous to human health, produce radioactive waste, require special laboratory conditions
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and are thus rather expensive on a large scale. This has led to the development of non-radioactive assays based on optical methods like
polarization, fluorescence resonance energy transfer or surface plasmon resonance. In light of their application in high-throughput
environments, there has been an emphasis on so called “mix-and-measure” assays that do not require separation of bound from free
advent of recombinant production of receptors has contributed to the increased availability of specific assays and some aspects of the
of recombinant receptors will be reviewed. Applications of receptor–ligand binding assays described in this review will relate to screening
quantification of pharmaceuticals in biological matrices.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Many biochemical processes, essential for the functioning
and survival of cells (and the organism), are regulated by
hormones, neurotransmitters, cytokines and other “messenger”
molecules. This regulation proceeds by interaction of these nat-
urally occurring molecules with receptors that are either embed-
ded in the cell membrane (membrane-bound) or present in the
cytoplasm (soluble receptor) or the nucleus of the cell. The
membrane-bound receptors can be subdivided into G-protein
coupled receptors (GPCRs), ion channels and receptors with
a single transmembrane segment. GPCRs interact with GTP-
binding proteins and consist of seven-transmembrane helices.
Ion channels are homo- or hetero-oligomeric receptors that are
composed of several subunits arranged in a ring that forms the
ion channel containing the ligand-binding sites. Nuclear or sol-
uble receptors are represented by the group of steroid receptors
(
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the detection technologies discussed here are also applicable to
cell-based assays[5]. Description of the different technologies
will be accompanied by an overview of labels that can be uti-
lized in receptor binding assays. Next to this, the review will
shortly address the use of recombinant expression of receptors
in host organisms and describe the criteria to develop quantita-
tive receptor assays in biological matrices.

2. Theoretical aspects of receptor–ligand interactions

Receptor binding assays have their origin in the competition
between an analyte [A] and a labeled ligand [L* ] for binding
to a certain receptor [R]. The relationship between the labeled
ligand, the receptor and its complex is given by Eq.(1) and
follows the law of mass action assuming reversible binding.
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e.g. the estrogen receptor) and the non-steroidal receptors (e.g.
itamin D receptor) that regulate biological functions by con-

rolling gene expression. This class of receptors consists of a
NA-binding and a ligand-binding domain.
Changes in receptor density and a disturbed balance in the

in)activation of these receptors give rise to the development of
isease. For example, Parkinson’s disease is related to a change
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Saturation of the receptor binding sites at a high concentr
f labeled ligand (>10× Kd) defines the total number of spec
inding sitesBmax, which can be derived from Eq.(3). Bmax is
sually expressed in picomoles per milligram protein or as a
oncentration in the assay medium.

RL∗] = [L∗] × Bmax

[L∗] + Kd
(3)

Introducing a competing analyte leads to the formatio
wo receptor complexes (see Eq.(4)). The analyte will displac

certain amount of labeled ligand, which depends on bot
oncentration and the affinity of the analyte.

R] + [L∗] + [A] � [RL∗] + [RA] (4)

If the analyte concentration is varied and both the rece
oncentration and labeled ligand concentration are kept
tant, inhibition curves can be constructed. From these cu
he IC50-value, which represents the analyte concentration
isplaces 50% of the bound labeled ligand, can be determ
his IC50-value is related to the affinity constantKi of the analyte
of these receptors in disease development, they are impo
targets in drug discovery. It is thus not surprising that, for exa
ple, drugs that interact with G-protein coupled receptors m
up 50% of all available therapeutics[2,3] and are therefore of
major interest.

Receptor screening methodologies can be based on eithe
determination of a functional response (e.g. cell proliferatio
the production of second messengers (e.g. Ca2+) or the interac-
tion of a ligand with its receptor[4]. With respect to functional
assays, it is possible to simultaneously monitor several signa
events such as enzyme activation (e.g. adenylate cyclase) an
mobilization of Ca2+, and to differentiate between agonistic an
antagonistic properties. There is a trend towards the developm
of cell-based assays (e.g. to replace animal studies), which
been facilitated by recombinant DNA technology using repor
gene systems. Nevertheless, it is sometimes still costly and d
cult to obtain stable eukaryotic cell lines[5]. Binding of a ligand
(agonist or antagonist) to its cognate receptor is the initial a
indispensable step in the cascade of reactions that finally ca
a pharmacological effect[4] and many successful and widel
used techniques are thus based on measuring ligand bind
Various assay formats to measure the interaction of a lig
with its receptor will be covered in this review, but many o
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as described by the Cheng–Prusoff equation[6] (Eq.(5)).

IC50 = Ki ×
(

1 + [L∗]

Kd

)
(5)

The validity of the Cheng–Prusoff equation is based on a.o.
the assumption that the labeled ligand binds with only a small
fraction to the receptor. This means that the free and total labeled
ligand concentration is approximately equal. The equation, nev-
ertheless, loses, its validity if ligand depletion occurs as a con-
sequence of a high receptor concentration or a high affinity of
the labeled ligand for the receptor[7].

Receptor–ligand binding assays can be used in multiple ways.
First, they can be applied as a tool for basic research concern-
ing the receptor itself by determining receptor distribution and
identifying receptor subtypes. Second, screening of new chemi-
cal entities and the discovery of endogenous ligands is facilitated
by the utilization of receptor–ligand binding assays, despite the
fact that receptor–ligand binding assays do not predict the intrin-
sic activity (agonistic or antagonistic) of these compounds[8].
Finally, these types of assays can be used in a quantitative way

to determine an unknown amount of analyte that is present in
a biological matrix with high sensitivity and reproducibility by
comparing the displaced amount of labeled ligand with standard
curves that contain known concentrations of the analyte[9].

3. Overview of labels available to measure
receptor–ligand interactions

Most of the assay technologies described here, require label-
ing of either the ligand or the receptor. Radio-isotopic labels
such as3H, 125I and 32P can be used to label the ligand with-
out having an effect on the affinity of the ligand towards the
receptor. Because of the disadvantages of disposal of radioac-
tive waste, relatively long read times (10,000 counts: 25 min for
radioactivity versus <50 ms for fluorescence[10]), costs, health
hazards, the requirement for special licences, etc., efforts have
increased to develop new technologies based on either colori-
metric, fluorescence or (chemo-/bio-) luminescence detection
systems. An overview of non-radioactive labels available to mea-
sure receptor–ligand binding interactions is given inTable 1.

Table 1
Spectral characteristics of some non-radioactive labels commonly used to measure receptor–ligand interactions

Detection Label/substrate Abs (nm) Em (nm) QY (%) ε (cm−1 M−1) Mw (Da) Solvent Notes

Color TMB 450 – – 59000 240 – Chromogen for HRP
F 80 itive,

h row

derat

,

dera

–74

75

h

igh

C

B

I
F
Q
C

luorescence Alexa Fluor dyes 350–750 >

Bodipy FL-
propionic acid

505 511 Hig

Methoxycoumarin-
COOH

336 402 Mo

CyDyes 548–774 >4

Dansyl-SE 335 518 Mo

Fluorescein 490 514 19

NBD-SE 466 535 30–

Rhodamine
Green-SE

504 532 Hig

Texas Red-SE 583 603 H

Europium-
cloride·6H2O

337 613 <70
hemoluminescence Luminol 355 411 Low

Lucigenin 368/455 505 60

ioluminescence Luciferin 328 560 High

t should be noted that the fluorophores presented here are only a small selection
luorescent Probes and Research Products, nineth ed., R.P. Haugland, Molecu
Y = quantum yield;ε = molar extinction coefficient; Mw = molecular weight; T
OOH = carboxylic acid; Bodipy = borondipyrromethine; SE = succinimidyl est
15000–250000 410–1400 pH 7/MeOH Bright, pH insens
photostable

91000 293 MeOH Small Stokes shift, nar
emission bandwidth

e 20000 220 pH 9 pH insensitive

>120000 658–1130 – Bright, pH insensitive
photostable

te 4200 462 MeOH Weak fluorescence in
aqueous solutions

88000 332 pH 9 Sensitive to pH,
photobleaching &
quenching, broad
emission bandwidth

22000 392 MeOH Low fluorescence in
water, QY↑ & Em↓ in
aprotic solvents

78000 508 MeOH Photostable, pH
insensitive

112000 817 MeOH Emission at longer
wavelenght

17000 366 H2O Long fluorescence
lifetime, large Stokes
shift, narrow emission

bandwidth, absorbance
and luminescence weak
unless chelated

7500 177 MeOH Enzymatic, signal time
min-range, substrate HRP

36000/7400 511 H2O Acridium ester,
non-enzymatic, signal
time sec-range

18000 280 pH 7 Substrate luciferase

of fluorophores available (most of the spectral data were obtained from the Handbook of
lar Probes, 2002). Abs = absorbance/excitation wavelength; Em = emission wavelength;
MB = tetramethylbenzidine; HRP = horse-radish peroxidase; MeOH = methanol;
er; NBD = 7-nitrobenz-2-oxa-1,3-diazole.
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Receptor assays based on color development make use of
enzymes such as alkaline phosphatase (AP) and horseradish per-
oxidase (HRP). In the case of HRP, a colored product is formed
upon incubation of the enzyme with a suitable chromogenic sub-
strate in the presence of hydrogen peroxide. Assay types based
on color development are not very sensitive and fast in compari-
son to assays that make use of fluorometric or chemiluminescent
detection. Moreover, some enzymes show a lack in stability and
the final assay setup is rather complex.

Fluorescence is becoming increasingly popular as a detec-
tion principle due to dyes with enhanced brightness (fluores-
cence intensity = molar extinction coefficient× quantum yield),
greater photostability and improved physical properties (e.g. pH
stability, water solubility) of the fluorophore[11]. The choice
of the fluorophore to label ligands is critical in assay develop-
ment. According to Baindur and Triggle[12], a suitable flu-
orophore should possess the following characteristics: a high
quantum yield (QY > 0.3), a high extinction coefficient (ε) to
enable sensitive detection in aqueous media, photostability and
a high excitation wavelength to reduce autofluorescence. More-
over, the molecular size, the use of a spacer and the position
of the fluorophore on the ligand are of major importance. Via
structure–activity relationships (SARs), it is possible to deter-
mine the key positions for labeling a ligand by avoiding regions
in the molecule that are involved in binding. In most cases, a
spacer between fluorophore and ligand is necessary to reduce
s hore
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cent decay times of lanthanide chelates makes them useful in a
range of other assay formats as described in Sections4.2.1 and
4.2.2.

An alternative detection technique for non-radioactive recep-
tor binding assays is based on the generation of chemolu-
minescence or bioluminescence upon oxidation of luminol
catalyzed by peroxidase or luciferin catalyzed by luciferase,
respectively. Next to the enzymatically derived signals, there
are also non-enzymatic systems that make use of, e.g. acri-
dinium esters like lucigenin. The acridinium esters are char-
acterized by a fast signal development and a high light output
upon addition of hydrogen peroxide in an alkaline environment
[14,15]. The luminescence signal can be detected with out-
standing sensitivity through the use of a photomultiplier tube
or a charge-coupled device (CCD) down to 10−18 to 10−21 mol
[16]. There is little or no background from the matrix or scat-
tering, which is an enormous advantage over the fluorescence
systems. The use of luminescent compounds with a different
kinetic profile or different emission wavelength makes multi-
plexing with this type of labels possible[15,16]. Nevertheless,
as in the case for fluorescence, a disadvantage of luminescence
is the possibility of inhibition or enhancement of the signal by
matrix components[14]. Moreover, in the case of biolumines-
cent assays, it is a prerequisite to make use of highly purified
reagents.
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teric hindrance caused by the attachment of a bulky fluorop
he introduction of a spacer or the length of the spacer
owever, also bring about a negative effect on the affinit

hat a range of labeled ligands need to be tested to find the
al one. Sometimes, it is possible that the parent comp
oes not show any affinity towards the receptor, but that la

ng creates a fluorescent ligand with high affinity as shown
he benzodiazepine ligand, desethylflumazenil[13], but this is
xceptional.

Disadvantages such as, e.g. photoinstability (fluorescein
mall Stokes shift (Bodipy) can be overcome by using m
table dyes with larger Stokes shifts, like Alexa Fluor® labels
he family of Alexa Fluor® dyes covers a broad range of ex

ation and emission wavelengths that can be adapted to
f the available detection techniques. Moreover, these dye

ntensely fluorescent, photostable, insensitive to pH cha
nd soluble in water. Detection methods based on fluores
till have numerous disadvantages. First, the fluorescen
als can be quenched by other compounds in the assay m
lastic materials or the biological matrix. Second, fluoresc
mission can be scattered by particles and finally auto
escence from proteins or other compounds in the matrix
ive rise to high background signals. The long lifetime

hanides (e.g. europium; decay time > 0.5 ms) present a g
f fluorescent dyes which can overcome the problems as
ted with short lifetime fluorophores (decay time < 50 ns). T

anthanides are used in time-resolved fluorescence, where
xcitation a delay time is introduced prior to measuring t
mission to eliminate interferences due to short-lived fluo
ence background signals and scattering. This allows mea
ents with higher sensitivity and precision. The slow fluo
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. Receptor–ligand binding assay technologies

Receptor–ligand binding assays may be classified acco
o the need for separation of bound from free ligand or the d
ion technique. Indexed by the first criterion, the assay t
re heterogeneous, homogeneous and non-separating ho
eous. Heterogeneous assays require separation of the fre

he bound fraction of the ligand by either filtration, centr
ation or dialysis before measurement. A homogeneous
equires no separation or washing steps before measure
esulting in the development of the so called mix-and-measu
ix-and-read assays, which is often an advantage when it c

o assay automation and miniaturization. In the non-separ
omogeneous assay, the signal is centered on or around
hase which contains the immobilized receptor or ligand

his assay format, there is also no need to physically sep
he free from the bound fraction[17]. The ideal assay should
pecific, sensitive, easy to perform, reliable and reproduc
heap, rapid and suitable for automation. Furthermore, th
preference for non-radioactive assay formats to reduce h

isks and environmental pollution as well as costs. Next to
he possibility to quantify multiple analytes in a single as
ecomes more and more important, so the system should p
bly be capable of multiplexing[18].

Next to the formats mentioned above, it is possible to d
ine the ligand binding properties via affinity chromatogra
sing immobilized receptors and interfacial optical assays

otal internal reflection fluorescence (TIRF) and surface
on resonance (SPR). The latter has the advantage that n

s required. An overview of the different receptor-binding as
echnologies is given inTables 2 and 3.
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Table 2
Advantages and disadvantages of receptor–ligand binding technologies I

Assay format Principle Receptor(s)a Advantages Disadvantages Ref.

Radioactive
Filtration assay Radioactive Various Labeling step does not change

affinity, robust
Requires separation,
radioactivity, medium throughput

[27,179]

SPA/flash plate Energy transfer �-AR, IL-5, GRF Mix-and-read, labeling step does
not change affinity,
high-throughput

Radioactivity, receptor
immobilization, lower sensitivity

[29]

Non-radioactive
Filtration assay Fluorescence BDZ-R, ER Fluorescent Requires separation, labeling can

affect affinity, medium
throughput, autofluorescence
interference

[41]

FRET Energy transfer M1-R, GABAA, insulin Mix-and-read, fluorescent Dual labeling, distance
constraints, correct dipole
orientation,Em (donor) =Ex

(acceptor), background

[50,57]

FP Light polarization ER, 5HT3, �-OR Mix-and-read, one label,
ratiometric measurement, ease of
automation, facile to miniaturize

Labeling can change affinity,
suitable ligands Mw < 5 kDa

[10,50]

FMAT Single cell measurement NK-1, IL-1, IL-5 Mix-and-read, multiplexing,
mimimal background,
miniaturization

Requires receptor
immobilization, high assay
variation, expensive
instrumentation

[66]

AlphaScreenTM Energy transfer ER� Mix-and-read, time-resolved Donor and acceptor beads,
receptor immobilization

[73]

Flow cytometry Single cell measurement Cytokines,�2-AR Mix-and-read, multiplexing;
sensitive (10–100 pM), minimal
background, high throughput
(1000 particles/s)

Immobilization of ligand or
receptor requires fluorescent
labeling of receptor or ligand,
limitations in sample handling

[18,75]

Ref. = reference;�-AR = alpha-adrenergic receptor; IL = interleukin; GRF = growth hormone releasing factor; BDZ-R = benzodiazepine receptor; ER = estrogen recep-
tor; M1-R = muscarinic receptor; GABA = gamma-aminobutyric acid; 5-HT = 5-hydroxytryptamine;�-OR = delta-opioid receptor; NK = neurokinin;�2-AR = beta2-
adrenergic receptor.

a These are examples of receptors for which this type of receptor–ligand binding technology has been described in literature.

Table 3
Advantages and disadvantages of receptor–ligand binding technologies II

Assay format Principle Receptor(s)a Advantages Disadvantages References

FCS Diffusion mediated
intensity fluctuations

GABAA, 5HT3A,
nACh-R, EGF

Molecular level (on living cells),
homogeneous, minimial
background due to confocal
optics, real-time kinetics,
time-resolved, miniaturization
(�HTS), assay time <10 s

Limited accessibility and
complexity of instrumentation,
stringent optical requirements

[50,85,89]

SPR Refractive index
(mass-dependent)

�2-AR, rhodopsin,
IL-2, nACh-R

No labeling, sensitive, real-time
kinetics; no interference light
absorption/scattering; automation

Receptor or ligand
immobilization, sensitivity
dependent on molecular weight
of analyte, costs, high protein
density, correct orientation

[108]

TIRF Refractive index
(mass-independent)

5HT3 Real-time kinetics, high
sensitivity, combined with
microfluidics, surface specificity

Receptor immobilization,
labeling of ligand

[91,116]

Microarray Optical intensity
changes

�2AR, neurotensin Multiplexing, real-time kinetics,
number of detection principles

Labeling ligand or receptor,
receptor immobilization

[101]

QAC Retention volume Pgp, OR, nACh-R Hyphenation with different
detection principles, re-use of
column, ligand identification
(QAC-MS), multiplexing

Receptor immobilization,
receptor denaturation/release,
non-specific binding to the
support, throughput limited by
serial nature chromatography

[135]

nACh-R = nicotinic acetylcholine receptor; EGF = epidermal growth factor; Pgp = P-glycoprotein; OR = opioid receptor.
a These are examples of receptors for which this type of receptor–ligand binding technology has been described in literature.
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Fig. 1. Principle of a heterogeneous receptor–ligand binding assay. After incubation of the labeled ligand (L•) and the analyte (A) with the receptor (R) of interest, it is
necessary to separate the free fraction from the bound fraction. This can be done by centrifugation, dialysis or filtration. The ligand can be labeled with radio-isotopes
(e.g.3H), fluorophores or chemoluminescent probes.

4.1. Radioactive receptor–ligand binding technologies

4.1.1. Radioreceptor assay (RRA)
Most conventional receptor–ligand binding assays are hetero-

geneous and have been developed using radioactively labeled
ligands for binding to a membrane-bound receptor. The first
quantitative radioreceptor assay was developed by Lefkowitz et
al. [19] based on the same principle as described originally for
radioimmunoassays[20]. The principle is based on the compet-
itive interaction between a labeled ligand and an analyte for the
same receptor binding site. The principle of these displacement
assays is depicted inFig. 1. Selected examples of radioreceptor
assays are the measurement of benzodiazepines[21,22], neu-
roleptics[23,24]and opioids[25,26].

In choosing the appropriate radioligand for a radioreceptor
assay, several criteria have to be met. First, the radioligand
should be selective and possess a high affinity for the respec-
tive receptor. Second, the radioligand should have a high spe-
cific activity and moreover it should be radiochemically pure.
Furthermore, the radioligand should be chemically stable and
resistant to enzymatic degradation. Finally, the most potent
enantiomer of the radioligand is preferred, to avoid interference
and complicate analysis as a consequence of the presence of the
less active enantiomer[27].

A major advantage of radioligand binding assays is sensi-
tivity, specificity and ease of use. The assay requires only one
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radioactive isotope. The bead contains a scintillant, which emits
light as a result of energy transfer. The bead is a 5�m I.D.
polyvinyltoluene microsphere with a polyhydroxy surface coat-
ing, which can be easily dispersed in aqueous solution and is
stable in numerous organic solvents (e.g. DMSO, MeOH up to
20% (v/v))[29]. Immobilization of the receptor is based on either
the interaction of glycoproteins and glycolipids with wheat
germ agglutinin (WGA)[30–33], by capturing anti-receptor
protein antibodies on an anti-IgG coated surface[34], via the
streptavidin–biotin interaction[34] or via antibodies directed
against the receptor[34,35].

The �-particle and Auger electrons, emitted from the
radioisotopes3H and125I, respectively, travel over a limited dis-
tance in an aqueous environment (<8�m [3H], <12�m [125I]
[36]), resulting in detection of�-particles and Auger electrons
only if the radioactive ligand is in close proximity to the recep-
tor, which is immobilized on the scintillant beads[4,29] (see
Fig. 2). The isotopes of interest in the SPA technique are [3H]
and [125I] [29], with a preference for125I because of its higher
specific activity[36]. The125I gamma emission path length is
more than 15 cm, resulting in almost no energy absorption by the
scintillant beads or assay buffer and thus no interference[37].

The Flashplates or Scintiplates are based on the same prin-
ciple, but the scintillant is now coated on the inner surface or
placed on the entire plastic surface of the wells of a microtiter
plate to which the receptor has been immobilized. The mix-
a easy
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n re it
s
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[
e
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abeling step, which often does not reduce the affinity tow
he receptor. Many high affinity receptor ligands are comm
ially available allowing to set-up an assay rather quickly.
ajor drawback of these assays is, however, the use of ra

ivity and the need to separate free from bound ligand, w
ake these assays labour-intensive and relatively slow. M

ver, these assays require that the dissociation of the l
roceeds much slower than the time to perform the sepa
e.g. filtration) step.

To overcome the need to separate the free from the b
raction radioactive homogeneous assays have been deve
ased on scintillation proximity.

.1.2. Scintillation proximity assay (SPA)
SPAs[28] are radioactive assays, where the receptor is im

ilized on a solid surface (bead) and the ligand is labeled w
c-

-
d
n

d
d,

-

nd-read-format makes this scintillation proximity assay
o automate, which enhances assay reliability[4]. Nevertheless
se of radioactivity remains a disadvantage making this
ique also very expensive. Another potential difficulty is
eed to immobilize the receptor on a solid surface, whe
hould remain stable and maintain its affinity.

Scintillation proximity assays have been developed f
ange of receptors including the�1- and�2-adrenergic recep
ors (�-AR) [33,34], the human interleukin-5 (hIL-5) recep
32], the growth hormone releasing factor (GRF)[31] and the
pidermal growth factor (EGF) receptor[35]. Gobel et al.[33]
ompared the SPA with a conventional filtration binding a
or the�1-AR and showed that SPA exhibited a reduced num
f counts than the filtration assay, which is due to the ce

ocalization of the energy transfer with only 50% of�-particles
ravelling into the SPA bead. Moreover, the assay sensi
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Fig. 2. The scintillation proximity assay is based on the emission of light as a result of energy transfer from the radioactive decay of the ligand to thebead that
contains a scintillant. The emission of light only proceeds if the labeled ligand (L•) and receptor (R) are in close proximity (approximately 10�m, situation 2).
Otherwise, the energy of the radioactive ligand is absorbed by the buffer (situation 1).

is also limited by the receptor binding capacity on SPA beads.
This relatively low signal to background ratio requires thus the
use of membrane or soluble preparations with a high recep-
tor density. Moreover, SPA is rather time-consuming (18 h) in
comparison to a filtration assay (90 min) because of the time nec-
essary to reach equilibrium of the receptor-bead interaction and
to allow the beads to settle down in the microtiter plate. The lat-
ter is necessary to avoid signals from ligand that is not bound to
the beads and can be accelerated by centrifugation. The relative
long incubation time may also be a problem for rather instable
receptors.

A Scintiplate assay was developed for the recombinant�2B-
AR [34] with the advantage over SPA that no bead separation
step was required. The assay sensitivity in the Scintiplate is, due
to the limited receptor binding capacity, lower as compared to the
SPA beads[30], but can be improved by washing and drying the
plate before measurement. These washing steps eliminate varia-
tions in counting efficiency as well as quenching, and moreover
reduce non-specific binding[34].

The filtration assay being more labor intensive, costly and
with less output of plates per day has made SPA the preferred for-
mat for high-throughput screening, despite its lower sensitivity.
Nevertheless, radioactivity remains to be the major disadvantage
in the use of these assays. This resulted in the still continuing
development of receptor–ligand binding assays based on fluo-
rescence or chemo-/bioluminescence.
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4.2.1. Heterogeneous non-radioactive receptor assay
One of the first receptor assays that made use of fluores-

cence was described by McCabe et al.[39] for the benzodi-
azepine receptor using a fluorescein-labeled ligand. The assay
required the use of high amounts of labeled ligand and high
amounts of receptor and had considerable background fluo-
rescence. Takeuchi et al.[40] and Janssen et al.[41] tried to
overcome the use of radioactivity and the presence of back-
ground fluorescence by developing a heterogeneous receptor
assay combined with reversed-phase high-performance liquid
chromatography (RP-HPLC) and a fluorescence detector. The
method by Takeuchi et al.[40] measured the free fraction with
RP-HPLC directly after centrifugation. This necessitated a large
amount of receptor material in order to reach a level of specific
binding that allowed to measure a significant decrease in the flu-
orescence signal. The procedure from Janssen et al.[41] required
the use of a dissociation step of the bound fraction after filtration
to recover the bound fluorescent label from the receptor before
measurement with RP-HPLC. Measurement of the bound frac-
tion instead of the free fraction is favorable with respect to the
precision of the assay. This assay demonstrated to be as sensitive
and specific as its radioactive counterpart, and did not require
large amounts of label or receptor.

Another way of reducing the significant background signal
is presented by Takeuchi et al.[38], who made use of time-
resolved fluorescence (TRF), by labeling the benzodiazepine
l per-
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.2. Non-radioactive receptor–ligand binding technologies

Many different strategies have been chosen towards the d
pment of non-radioactive assays ranging from the develop
f heterogeneous filtration assays to homogeneous mix
easure assays, such as those based on fluorescence re
nergy transfer (FRET), fluorescence polarization (FP) and
ytometry. Most of these assays require some type of lab
o measure the ligand–receptor binding. It is thus pivotal to
abeling conditions that do not interfere with the molecular in
ction. In the case of a non-radioactively labeled ligand

igand should demonstrate similar binding characteristics
eceptor specificity, affinity) and similar or improved sensiti
s its radioactive analog[38].
l-
t
-
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.

igand with a europium chelate. After centrifugation, su
atants were transferred to a microtiter plate and the fluores
as enhanced and stabilized, before measurement, by ad
f a fluorescence enhancing ligand.

Examples of other heterogeneous non-radioactive rec
ssays are based on the use of enzyme-labels with the
al note that these assays are tedious and time-consumin
ssays make use of either a ligand coupled to an enzym[42]
r measure receptor–ligand binding based on enzyme

ty via an indirect route[43–47]. An example of the latter
escribed by Mahoney[44] for the platelet-derived growth fa

or receptor (PDGF-R). In this heterogeneous assay, the am
f biotinylated ligand bound to the receptor, which is immo

ized on a microtiter plate, was determined through additio
eutravidin-HRP. The excess of neutravidin-HRP was rem
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Fig. 3. Fluorescence resonance energy transfer (FRET) is based on the transfer of excitation from a donor to an acceptor molecule without emission of aphoton when
both come into close proximity (approximately 10 nm), as shown in situation 2. The efficiency of FRET depends on the inverse sixth power of the distance between
donor and acceptor. In this case, the receptor (R) is labeled via a fluorescent antibody (Ab•, acceptor) and the ligand is labeled with a fluorophore (L•, donor). If long
lifetime lanthanide chelates are used as donors, interfering background fluorescence can be largely reduced by performing a time-resolved measurement (TR-FRET).

by washing and absorbance was measured after addition of sub-
strate.

4.2.2. Fluorescence resonance energy transfer (FRET)
Most of the mix-and-measure assays make use of the princi-

ple of fluorescence resonance energy transfer (FRET, Förster
[48]), which is based on energy transfer between donor and
acceptor molecules that need to be in close proximity (see
Fig. 3). As an example, a Cy-labeled antibody directed against
the receptor may serve as the acceptor molecule, while the
donor is a europium labeled ligand. Upon exitation of the
donor, energy is transferred via dipole–dipole interaction to
the acceptor molecule, without the emission of a photon. The
acceptor emits light provided that the ligand is bound to the
receptor–antibody complex[49]. For this assay format to work,
it is critical that the antibody does not block the ligand-binding
site.

A distance smaller than 10 nm and an overlapping absorp-
tion spectrum of the acceptor with the emission spectrum of the
donor are essential for efficient energy transfer. Next to strict dis-
tance constraints[10,50], the utility of this technique to measure
receptor–ligand interactions in a homogeneous assay format is
limited by the requirement of labeling both the donor and accep-
tor molecule.

An example of the use of fluorescence resonance energy
transfer is the determination of the ligand–receptor binding
p sce
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nance energy transfer between a Bodipy-labeled benzodiazepine
ligand (Bodipy-FL Ro-1986 (didesethylflurazepam)) and intrin-
sically fluorescent tryptophan residues of the receptor protein
[52].

The problem with interferences from background fluores-
cence can be solved by using donor molecules with a long
excited state lifetime like lanthanide chelates, as already men-
tioned before. Time-resolved fluorescence resonance energy
transfer (TR-FRET) has been described by Stenroos et al.
[49] for the determination of the binding properties of the
human cytokine interleukin-2 towards the recombinant human
interleukin-2 receptor�-subunit. The interleukin-2 receptor is
involved in growth and differentiation of B- and T-cells, and is
a single pass transmembrane protein. The receptor was labeled
via a Cy5-labeled specific monoclonal antibody and the ligand
with a europium chelate. TR-FRET assays are sensitive, can be
miniaturized and display reduced autofluorescence, but there is
a limited choice of donor/acceptor pairs. Moreover, due to steric
hindrance, it is more complex to label donor and/or acceptor
without interfering with binding itself.

The luminescent variant of FRET where energy transfer
occurs between a luminescent donor and a fluorescent acceptor
is called bioluminescence resonance energy transfer (BRET).
The enzymatic oxidation of a substrate results in the emission
of energy from the donor, which means that no excitation light is
needed in contrast to FRET. Besides, the enzyme reaction does
n more
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roperties between the EGFP (enhanced green fluore
rotein)-labeled human M1 muscarinic receptor (hM1-R) and

he Bodipy-labeled antagonist pirenzepine[51]. This homoge
ous assay was used to identify new muscarinic ligands
dditionally proved to be well suited to examine the bind
ocket of the receptor. In the latter case, EGFP was fused
-terminus of the human M1-muscarinic receptor via a linke
ariable length that did not alter its binding properties. The s
howed that the shorter the distance between the EGFP d
nd the hM1 receptor, the higher the efficiency of energy tra
etween the Bodipy-labeled antagonist pirenzepine and E
his means that the binding pocket is deeply buried within

ransmembrane core of the protein. In another example, the
ng and structural properties of segments of the ligand-gate
hannel GABAA receptor�1-subunit were determined via res
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ot produce a background signal and the assay is therefore
ensitive than FRET[53].

BRET has been mainly used in protein–protein interac
esearch for example in studying the�2-adrenergic/�-arrestin
nteraction[54] and the determination of insulin receptor ac
ty [55,56], where the latter is governed by a conformatio
hange in the�-subunits of the receptor, bringing them i
lose proximity. Because of the fact that there is no req
ent of a light source, the instrumentation for BRET assa

impler and cheaper[57], which makes these assays very v
ble in high-throughput screening. Nevertheless, because

arge fluorescent and bioluminescent probes, it is necess
onsider which label to choose, how to label the ligand an
eceptor (with or without spacer), and to assess the effe
abeling on the binding properties.
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Fig. 4. Fluorescence polarization measures the change in polarization of light emitted from a fluorescent labeled ligand (L•) as a consequence of a change in mobility
of the labeled ligand. Excitation of a fluorescent low molecular weight ligand by polarized light results in depolarized emitted light due to rapid rotation of the ligand
(situation 1). Upon binding of the fluorescent ligand to a high-molecular weight receptor (R), the rotational speed decreases and the emitted light stays partially
polarized (situation 2).

4.2.3. Fluorescence polarization (FP)
Another fluorescence based platform, which can be easily

adapted to high-throughput screening, is based on fluorescence
polarization or fluorescence anisotropy. Both terms are used
synonymously to describe molecular interactions in solution
[58,59]. This technique measures the change in rotational speed
of a ligand during its excited lifetime upon binding to its receptor.
The fluorescent labeled ligand is excited by polarized light and
polarization of the emitted light is determined. The emitted light
is largely depolarized in the presence of a small and therefore
rapidly rotating ligand, while rotational speed and thus depolar-
ization are significantly reduced when the ligand is bound to a
protein, for example, a receptor. Thus, polarization of the exci-
tation light, the lifetime of the excited state and the mobility of
the fluorophore all determine the degree of polarization of the
emitted fluorescence. The principle of fluorescence polarization
is schematically demonstrated inFig. 4.

The advantage over the above mentioned resonance energy
transfer techniques is the requirement of just one labeling step.
Moreover, FP is a very simple technology, which requires only
a filter fluorometer with two polarizing filters. Two intensity
measurements are performed with the filters parallel (Ip) and
perpendicular (Is) to each other. The difference between the two
values divided by their sum represents the degree of polarization.
Due to this ratio, FP can correct for fluctuations in lamp intensity
or quenching of fluorescence[10].
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ponents to maintain a specific signal window because of the
ratiometric measurement of the polarization signal[63]. More-
over, evaporation had little effect on the signal or stability of the
signal over time, as demonstrated by Kowski et al.[63]. This
means that fluorescence polarization is better suited to assay
miniaturization, and therefore a reduction in reagent costs, than
fluorescence and scintillation proximity assays.

The FP technology has been applied to, e.g. the soluble estro-
gen receptor[63], the G-protein coupled delta-opioid receptor
[64] and the ligand-gated ion channel serotonin 5HT3 receptor
[64,65].

4.2.4. Fluorometric microvolume assay technology (FMAT)
Fluorometric microvolume assay technology or microvolume

fluorometry (MVF) makes use of a scanner that measures multi-
well plates. In this mix-and-measure assay, the peptide or small
molecule ligand is labeled with a fluorophore and the receptor
should be either expressed on cells or immobilized on beads.
The FMAT scans a 1 mm2 area at the bottom of the multi-
well plate (either 96-, 384- or 864-well with a clear bottom and
black sidewalls), where the generated images indicate the size
and amount of bound fluorescence. The capillary based scanner
uses as an excitation source a Helium–Neon (He–Ne) red laser
(Ex = 633 nm) and makes simultaneous detection of two inde-
pendent red dye emissions, e.g. Cy5 and Cy5.5, possible via
two photomultiplier tubes with bandpass filters for the respec-
t on-
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The FP technique displays a number of disadvantages
he lack of precision at low nanomolar concentrations. As
ll other technologies, the sensitivity of FP is dependent o
ffinity of the ligand, the quantity of the receptor and the in
ity of the fluorophore. To achieve the required precision
successful FP assay, the receptor concentration should

east 1 pmol/mg protein and the ligand affinity must be be
nM, as stated by Gagne et al.[60]. Besides, FP is limited t

ow molecular weight ligands (<5 kDa), if fluorophores are u
ith short excited lifetimes. This limit can be extended by u
uorophores with longer lifetimes[10,17,60–62].

The efficiency of FP has been considerably increased (HE
ue to technological advances such as confocal optical d
nd the use of high-intensity continuous Xe arc lamps, with
ibilities to perform assays in as little as 5�l volumes, instea
f the conventional 40–100�l. Despite these small volumes

s not necessary to increase the concentrations of assay
e

at

),
n
-

-

ive labels (multiplexing). Multiplexing minimizes reagent c
umption and increases the throughput[66].

Mellentin-Michelotti et al. [66] demonstrated the use
MAT in the determination of neuro-peptide (e.g. substanc
inding to the G-protein coupled NK1 receptor on live cells.
ix-and-measure format is achieved by discriminating betw

ell-associated and free fluorescence during data proce
here cell-associated fluorescence is detected as localized
f concentrated fluorescence at the bottom of the well. To a

nterference from autofluorescence of the cells, long wavele
mitting red dyes are used, which results in a very sensitive a

Martens et al.[67] described a receptor–ligand assay for
L-1 and IL-5 receptor, where the receptor is immobilized

bead or expressed on the surface of a cell, and the
zed fluorescence intensity is measured after incubation
he fluorescent ligand. Another possibility is to perform
ssay in solution with addition of antibody-beads to cap
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Fig. 5. Schematic representation of the AlphaScreenTM measuring principle.
Upon excitation at 680 nm, ambient oxygen is converted to singlet oxygen (1O2)
by a photosensitizer present in the donor beads (phthalocyanine). If the acceptor
bead is in close proximity (<200 nm), the singlet oxygen transfers its energy to
thioxene derivatives present in the acceptor bead leading to emission of light
at 520–620 nm. Proximity is in this case established through the interaction of
a receptor (R) immobilized on a donor bead with its antibody-captured ligand
(Ab-L) present on the acceptor bead.

the receptor following incubation with the fluorescent ligand.
Multiplexing can be achieved by immobilization of the recep-
tor on beads of different sizes, since the analytical software is
capable of discriminating fluorescence coming from beads of
different diameters. A 96-well plate is scanned within 4 min and
a 864-well plate within 30 min. Laser-scanning imaging is an
analogous technique to FMAT, which can also be used for mul-
tiplexing to measure ligand–receptor interactions[68].

4.2.5. AlphaScreenTM

A different format of a homogeneous bead-based assay, called
AlphaScreenTM (Amplified Luminescence Proximity Homoge-
neous Assay[69]) makes use of singlet oxygen (1O2, half-life
4�s) production on donor beads, and a chemiluminescent reac
tion on the acceptor beads as depicted inFig. 5. This assay
allows to probe interactions over longer distances than FRET
and BRET, up to 200 nm, due to the fact that singlet oxygen
travels farther in solution before it falls back to the ground state
Both donor and acceptor beads are coated with a layer of hydro
gel, which can subsequently be derivatized with a variety of
capturing molecules such as streptavidin for biotinylated recep
tors. Next to the possibility to provide a functionalized surface,
the hydrogel reduces non-specific binding and self-aggregatio
of the beads. Upon excitation of the donor beads at 680 nm, th
photosensitizer phthalocyanine, present within the donor bead
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PerkinElmer Inc., 2003). An example of a receptor–ligand bind-
ing assay, which made use of the AlphaScreenTM methodology,
was described for the ER�-receptor by Rouleau et al.[73].

4.2.6. Flow cytometry
Flow cytometry[74] sequentially sorts and counts single

microscopic particles, either cells or beads suspended in a
stream of fluid, based on optical signals, such as fluores-
cence. Bead-based flow cytometric assays make use of cell-sized
polystyrene/latex or dextran microspheres with diameters in
the �m-range. The beads can be either filled with two fluo-
rophores of varying concentrations and wavelengths (Luminex®

approach,[18]) or can be different in size[75], which allows for
multiplexing. In the Luminex® approach, two lasers are used
to identify the bead and quantify the fluorescence associated
with the immobilized interacting partner. Each bead set is there-
fore unique to the analyte being measured[18]. Flow cytometry
requires that one of the interacting partners is immobilized on
the bead and the other is provided with a fluorescent tag, in order
to measure and quantify the receptor–ligand binding. The vol-
ume that is illuminated by the laser is in the picoliter (pL)-range,
which reduces the background noise, resulting from light scat-
ter, fluorescence impurities or free probe. The ratio of specific
signal to background together with the number of binding sites
per particle and the affinity of the fluorescent probe for these
sites determine the sensitivity of flow cytometry[76,77].
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onverts ambient oxygen to singlet oxygen molecules, w
esults in a very high signal amplification. These singlet oxy
olecules go undetected, if there are no acceptor beads p
ithin a range of 200 nm.
However, if the donor beads, containing the receptor, c

nto close proximity with a high affinity ligand immobilize
n acceptor beads, energy transfers from the singlet ox
olecules to a thioxene derivative thereby generating ch

uminescence within the acceptor beads. A fluorophore pr
n the same acceptor bead is excited by the energy emitted
hemiluminescent molecule and the emitted light is measur
time-resolved manner as a consequence of long lifetime

escence. The beads used in the AlphaScreenTM are∼250 nm
n diameter, which is much smaller than the beads used in
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An interesting example of this technology was shown
imons et al.[78], who solubilized the�2-adrenergic recepto
nd demonstrated an agonist-induced conformational ch
hich allowed the receptor to bind to its cognate G-pro
low cytometry was used to discriminate between agonis
ntagonist binding using the solubilized�2-adrenergic recepto

used to green fluorescent protein (�2AR-GFP). The antago
ist dihydroalprenolol (DHA) was immobilized on activa
ulfhydryl dextran beads while the hexahistidine-taggeds-
rotein (G�s�1�2) was adsorbed on dextran beads bea
helating Ni2+ ions. As soon as the DHA-bead interacts w
2AR-GFP in the sample, the bead became fluorescent.

ion of agonist or antagonist decreased the fluorescent s
ue to competition for binding. Addition of�2AR-GFP to the
s-protein-beads together with an agonist resulted in the

escence of the Gs-protein-beads, whereas no fluorescence
bserved in the case of addition of�2AR-GFP together with a
ntagonist (Fig. 6).

Multiplexing of this procedure is possible, as described
y Simons et al.[78] and by Waller et al.[75]. In the latter case

he assay makes use of large DHA-beads (34�m) and small Gs-
rotein-beads (13�m), which are discriminated based on
ifference in light scattering (seeFig. 6). If an agonist is presen

his will result in decreased fluorescence at the DHA-beads
ncreased fluorescence at the Gs-protein-beads. If an antagon
s present, this will result in decreased fluorescence at the D
eads, but also no fluorescence at the Gs-protein-beads. Thu
ecreased fluorescence at the DHA-beads is shown if eith
gonist or antagonist is present as a result of competition
HA for the receptor protein. Increased fluorescence at ths-
rotein-beads is only demonstrated if full or partial agon
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Fig. 6. Multiplexed flow cytometric set-up to determine the affinity and intrinsic activity of analytes. Ligand- and G-protein-beads (L and G���) of different sizes
are discriminated based on different light scattering. If an agonist is present (A+, situation 1), this will result in a decreased fluorescence at the ligand-bead and an
increased fluorescence at the G-protein-bead. If an antagonist (A−) is present (situation 2), this will result in a decreased fluorescence at the ligand-bead, and no
fluorescence at the G-protein-bead. The receptor (R•) is fused to, e.g. enhanced green fluorescent protein (see text).

are presented. The receptor is namely not able to bind to the
Gs-protein-beads spontaneously or in the presence of an antag-
onist[75]. Simons et al.[78] demonstrated the same results, but
made use of Texas-RedTM colored G-protein beads and blank
DHA-beads. Despite these promising results in studying ternary
complex formation by flow cytometric analysis, it remains dif-
ficult to set-up such assays for screening purposes, especially
due to the necessity of the immobilized G-protein to be oriented
correctly for recognition.

Summarizing, flow cytometry is an interesting alternative
to the above mentioned assay formats, since it can measure
and quantify molecular interactions in a sensitive and specific
manner, combined with high throughput of samples, multiplex-
ing and the possibility to perform kinetic analyses, in a non-
separating homogeneous assay format[76]. Moreover, it has
been shown that flow cytometric analysis can be integrated in
a miniaturized assay format (microfluidics)[79]. While estab-
lished assays are as such cost effective, initial set-up of an assay
is time-consuming and thus rather expensive[18], due to the
requirement of immobilization and fluorescent labeling of the
interacting partners. An overview of bead-based assays, like the
non-radioactive AlphaScreenTM, flow cytometry and FMAT is
given by Meza[70].

4.2.7. Fluorescence correlation spectroscopy (FCS)
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molecules measured with single-photon detectors. Via autocor-
relation analysis of the fluctuations in the obtained signal, it is
possible to determine the number and brightness of molecules
and their characteristic diffusion time, which is related to the size
and shape of the molecules[82]. The experimental set-up for
FCS and its fundamental principles have been described and the
reader is referred to these publications for details[80,81,83–85].
By measuring the average correlation time of the fluorescent
labeled ligand in solution, it is possible to discriminate between
free and bound labeled ligand. Binding to the receptor results in
a change in mass and thus in a reduced rate of diffusion, which
in turn leads to an increased average time spent in the irradiated
volume, resulting in multiple photons being emitted from the
labeled ligand/complex within a given time. As these photons
are emitted from the same labeled ligand/complex moving by
Brownian motion in the volume, they are correlated in time. The
average correlation time is thus a measure of the fraction of lig-
and that is bound to the receptor and will be at its maximum if
the fluorescent labeled ligand saturates the receptor (seeFig. 7).

Receptor–ligand interactions have been monitored by FCS
for the GABAA receptor[86], the nicotinic acetylcholine recep-
tor (nACh-R; [87]), the 5-HT3A receptor[88] and the single
transmembrane EGF receptor[82]. An example of the appli-
cation of FCS is the study of biomolecular interactions of the
GABAA receptor with the ligand muscimol labeled with Alexa
532 (Mu-Alexa)[86]. To this end, neuronal cells containing the
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Fluorescence correlation spectroscopy is a technology
etermines receptor–ligand binding in a homogeneous fa
y measuring intensity fluctuations as a result of differenc
iffusion rate of individual dye-labeled ligands free in solut
r bound to a high-molecular weight receptor. Since fluc

ions of the fluorescent signal are governed by the numbe
uantum yield of the fluorescent molecules, it is necessa
educe the irradiated volume such that individual molec
an be measured. This is achieved by using diffraction-lim
aser beams and confocal detection optics, in combination
inholes in the image plane, generating observation volu

n the order of femtoliters (�m3) [80,81]. Laser systems i
CS are based on Helium–Neon (He–Ne)-, Argon (Ar)-
rgon–Krypton (Ar–Kr)-lasers with excitation wavelengthsλex

He–Ne) of 543 nm and 633 nm,λex (Ar) of 488 and 514 nm
nd λex (Ar–Kr) of 568 and 647 nm. The tiny volumes,
hich the few diffusing fluorophores with concentrations in
anomolar range are excited allow to follow the motion of sin
t
n

d

s

ABAA receptor from rat hippocamus were cultured on c
rslips. The affinity of muscimol for the receptor was ha

nfluenced by labeling with Alexa 532 as determined b
adioreceptor assay. The FCS detection element was calib
n the basis of a defined concentration of Rhodamine (Rho
orresponding to the spectral line (514 nm) of the argon ion l
rom the diffusion coefficient of Rhodamine 6G, it was poss

o determine all diffusion coefficients via Eq.(6) [88].

x = τRho

τx

× DRho (6)

hereD is the diffusion coefficient,τ is the correlation time,x
s the ligand to be measured.

In order to determine the binding parametersKd andBmax,
he cells were incubated with 300�l droplets of labeled musc
ol in increasing concentrations. Background fluorescen
ndogenous cell components was taken into account as a
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Fig. 7. Principle of fluorescence correlation spectroscopy: in situation 1, only free labeled ligand (L•) is present, which results in a low average correlation time
(τ1) as a consequence of rapidly diffusing molecules. At a 1:1 free ligand to ligand–receptor complex (RL•, situation 2), there is an increase in mass resulting in a
decreased diffusion rate and thereby an increased averaged correlation time (τ2), reaching a maximum (τ3) as the labeled ligand saturates the receptor (situation 3).

in the determination of the ligand–receptor binding constants.
The correlation time for freely diffusing Mu-Alexa in solution
was determined in independent experiments and kept constant
during all fitting procedures. Upon addition of increasing con-
centrations Mu-Alexa to the GABAA receptor on the slide, the
diffusion time constant (τ) increased eventually reaching a max-
imum as a consequence of saturation of Mu-Alexa binding to the
GABAA receptor on the neuronal cells. The specificity of bind-
ing was demonstrated by competitive displacement with a 1000-
fold excess of muscimol hydrobromide[86]. It should be noted
that it is crucial to keep the neuronal cells healthy during FCS-
analysis. Non-living cells lack the fluidity of the lipid bilayer
resulting in immobility of the ligand–receptor complexes. Buffer
composition and pH are therefore important parameters during
the binding experiments. Moreover, it is necessary to properly
position the focus of the laser beam on the membrane surface and
not to let the cells move on the coverslide during FCS-analysis
[89]. The binding constants obtained using FCS were compara-
ble to those found in the classical radioreceptor assay. As this
assay was performed on living cells, it was not only possible to
study receptor–ligand binding properties, but also the mobility
of the receptor–ligand complexes in the cell membrane result-
ing, for example, from interaction with the cytoskeleton. For
more details, the reader is referred to the article by Meissner
and Ḧaberlein[86].
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especially crucial in order to withstand the enormous power of
the laser focused on a tiny volume. FCS can also detect the
interaction of ligands with rapid binding kinetics. This is an
advantage over filtration assays, which are only possible if the
dissociation half-time of the receptor–ligand complex is signif-
icantly longer than the time required for the separation process
[86]. Moreover, FCS is especially suitable for high-throughput
screening where it combines assay times on the order of seconds
with nanoliter sample volumes.

4.2.8. Receptor-based biosensors (chip-based assays)
All biosensor technologies, such as surface plasmon reso-

nance (SPR) and total internal reflection fluorescence (TIRF)
require the immobilization of either the receptor or the ligand
on a surface. Several surfaces have been used, such as metalox-
ide, glass, quartz and gold surfaces. Immobilization of receptor
proteins on a solid support has often proven to be difficult
due to the loss of functional integrity, especially for membrane
proteins that consist of several subunits with transmembrane
spanning domains[91]. Receptors can be covalently attached
by chemical cross-linking or non-covalently deposited on the
surface. Covalent immobilization may lead to irreversible struc-
tural alterations and moreover gives rise to random orientation
of the proteins on the surface[92]. Non-covalent immobilization
of the receptor can be achieved via adsorption, via incorpora-
tion in lipid bilayers, via an affinity tag, such as hexahistidine or
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olecular level on a living cell is one advantage of FC
ompared to traditional receptor assays, which make u
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onment can, however, lead to structural alterations resulti
ltered ligand affinities. Another advantage of FCS is that t

s no need to immobilize a ligand or receptor as in the
f biosensors (see next section) or bead-based assays.
ver, as for all fluorescence-based techniques, the ligand
e covalently labeled with a fluorophore and this labeling
ffect the ligand’s affinity towards the receptor. Moreover,
uorescent labeled ligand should be water soluble, have a
uantum yield and a good photostability[86,90]. The latter is
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iotin or via antibody capturing. Crucial parameters to cons
re the receptor’s structural integrity and the orientation o
eceptor protein so that the ligand can be bound without s
estrictions[93–95]. In addition to the requirement of unchang
eceptor affinity and specificity, the receptor should not den
r be released from its support during analysis and the su
hould demonstrate limited non-specific ligand binding. M
ver, immobilization of the receptor protein onto a solid sup

s a slow, tedious process that needs to be optimized for
eceptor[96].

For transmembrane receptor proteins to be succes
mmobilized onto a solid support, the presence of their na
nvironment, the lipid bilayer, is often required. Direct immo
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lization of the lipid bilayer onto the surface and the subsequent
reconstitution of the receptor protein in the immobilized mem-
brane often results in low receptor densities and thus a poor
signal, as a result of denaturation of the receptor on the surface.
Different approaches towards integrating a correctly oriented
and structurally integer transmembrane receptor into a lipid
bilayer have been described. The addition of thiolipids (e.g. PE-
SH) that consist of a hydrophilic polyethylelene glycol spacer,
gives rise to a hydrophilic layer between membrane and the
chip surface, which was shown to favor maintenance of recep-
tor’s functional integrity[93,97]. Another approach to spatially
separate the lipid membrane from the glass (quartz) surface of
the chip makes use of a hydrophilic polymeric cushion (hydro-
gel), such as polyethylene imine (PEI) or dextran. The hydrogel
creates additional space for the protruding loop domains of the
transmembrane protein, thereby maintaining receptor function-
ality [98]. However, the incorporation of receptor protein into a
lipid bilayer results in random orientation of the receptor. More-
over, the use of lipid bilayers limits the access to one surface
of the receptor. Capturing methods with immobilized affinity
tags or antibodies give rise to more evenly oriented receptor sur-
faces also facilitating research towards agonist-induced interac-
tions between immobilized receptor and G-proteins. Capturing
a receptor on a surface via affinity tags normally requires that
the receptor is genetically engineered and produced in recom-
binant form (see Section5). In addition, the receptor should be
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proteins onto a support is, however, a difficult task as outlined
above and constitutes the major obstacle of applying microarrays
to receptor binding assays. Accurate application of many differ-
ent proteins onto a solid surface, using, e.g. jet or contact printing
in a high-throughput fashion, remains difficult as protein activity
and stability depends on the used surfaces[102,103]. Moreover,
as miniaturization results in problems of evaporation and thereby
denaturation and inactivation of proteins, it is important to add
humidifier during preparation of the arrays, their storage and
shipment and during analysis. The problem of evaporation can
be reduced by using matrix slides (prepared by photolithogra-
phy) or nanowells instead of glass slides. These chip formats
are, however, more expensive than glass slides[103].

A microarray format for a GPCR, the human neurotensin
receptor (subtype 1) was described by Fang et al.[101,104]. The
membrane-associated neurotensin receptor was spotted onto�-
aminopropylsilane-coated slides and each array was incubated
with the fluorescent labeled ligand with or without a competitive
ligand. After careful removal of the solutions with a pipette tip
attached to a vacuum pump, the slides were washed and after
drying imaged in a fluorescence scanner. In an analogous man-
ner, the�1-, �2-, and�2A-adrenergic receptor subtypes were
spotted on a microscope slide and incubated with a fluorescent
�-selective antagonist. By addition of competitive ligands with
known selectivities towards the�1- or �2-adrenergic receptor,
fluorescence intensities were differentially decreased, demon-
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urified and remain stable in a functional form upon captu
ia an affinity tag or antibody[99]. Some of the immobilizatio
echnologies are presented inFig. 8.

An important chip-based approach to be mentioned
re the microarrays, which consist of grids that contain s
mounts of receptor proteins in high density[100]. Microar-
ays form a suitable platform for the simultaneous determina
f ligand binding towards multiple receptors[101]. A range o
etection principles can be adapted to microarrays but flu
ence is most widely used. Performing many assays in pa
s relevant for high-throughput screening during drug disco
nd can result in significant savings in reagents as com

o microtiter plate assays. Immobilization of integral memb

ig. 8. Immobilization strategies for the analysis of biomolecular interact
he lipid membranes are tethered to the surface via thiolipids; situation 2:
SA-biotin is deposited on a gold or glass surface to immobilize a biotiny
l

-
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trating the possibility of multiplexing using this GPCR micro
ay [101].

.2.8.1. Surface plasmon resonance (SPR). Surface plasmo
esonance[105,106]is a method that allows to follow mole
lar interactions without the need for labeling. SPR meas
hanges in refractive index and thus in resonance angle at
olarized light is reflected from a surface, which is in turn rel

o a change in mass or layer thickness[107,108]. Thus, if polar-
zed light strikes a gold layer at the interface between m
f different refractive indices (e.g. glass and buffer) at a fi
avelength and above a critical angle (total internal reflect

he photons are absorbed into surface plasmons (electron

of membrane receptors with their ligands via receptor-based biosensors. Situation 1
d bilayer is adsorbed on a spongy matrix, formed by a hydrogel polymer; situation 3
receptor through a streptavidin interface.
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Fig. 9. Schematic representation of an optical device for the analysis of interactions using surface plasmon resonance. One of the interacting partners is immobilized
on a modified gold surface and the other flows over the surface of the sensor chip allowing interaction (association) with the immobilized molecules. This gives
rise to an increase in mass, and thereby a change in refractive index and the angle of reflected light (1→ 2). As soon as the injection is stopped and washing
continued with buffer alone, the receptor dissociates from the ligand resulting in a decrease of the signal due to a shift in the angle of the reflected light to its
original position (position 1). In the described case, the ligand (L) is immobilized and the receptor (R) flows over the sensor surface, but the inverseconfiguration is
feasible.

sity waves) resulting in resonance and no reflection of light. If
the refractive index changes at one side of the surface as a con-
sequence of immobilization of the receptor or the ligand, the
resonance angle is changed and the intensity of the reflected
light is increased.

The surface plasmon resonance device consists of a sensor
chip, a flow cell, a light source, a prism and a detector that is
positioned at a fixed angle (Fig. 9). The sensor surface consists
of a thin gold layer (∼50 nm) fixed onto a glass surface with
an interaction layer of, e.g. carboxymethyl-dextran[108,109]
or BSA-biotin [110]. The carboxylic acid group on this layer
can be activated to immobilize either the receptor or the ligand
covalently. Alternatively, affinity capturing methods via biotin,
antibodies or fusion tags can be applied, which opens the pos-
sibility of regenerating the chip surface, but have the potential
disadvantage that the immobilized molecules might be “bleed-
ing” off the surface[94,95]. Other immobilization techniques
with respect to membrane receptor proteins have been applied
by tethering lipid bilayers via thiolipids or polymeric hydro-
gel cushions, as discussed above. As surface plasmon resonance
is dependent on changes in mass, it is advantageous to attach
the molecule with the lowest molecular weight to the surface
and measure binding of the higher molecular weight partner.
Nevertheless, due to possible difficulties of immobilizing low
molecular weight ligands (e.g. loss in binding affinity), it might
be necessary to attach the high-molecular weight receptor to the
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the IL-2-receptor[113]and the nACh-R[93]. For example, in the
case of the�2-AR [110], BSA-biotin was deposited on the gold
surface, which absorbed spontaneously and was stable during
buffer washes. The available biotin on the surface was subse-
quently treated with streptavidin or avidin to create a surface
that would in turn have a strong affinity for biotinylated ligands
or receptors (Kd = 1 fM). The �2-AR containing a FLAG pep-
tide fusion at its N-terminus was immobilized via a biotinylated
anti-FLAG M1-antibody in a calcium-dependent manner. By
immobilization of the�2-AR at its N-terminus, the cytosolic C-
terminus will be oriented away from the surface, which makes
the ligand-binding sites uniformly accessible.

The application of surface plasmon resonance to measure
membrane receptor–ligand interactions has been described in
detail for the nicotinic acetylcholine receptor. Receptor–ligand
binding properties were determined using immobilized nACh-
R in tethered membranes. For immobilization, the receptor had
to be reconstituted in thiolipid containing liposomes. These thi-
olipids contain a hydrophilic polyethylene glycol spacer and a
terminal thiol moiety in the lipid headgroup, which allows the
bilayer to be anchored to the gold surface with a hydrophilic layer
between bilayer and surface. Binding affinities of the agonist car-
bamoylcholine (carbachol) and the antagonist�-bungarotoxin
were measured in the presence of an antibody that competes
with the ligands for receptor binding. Due to the low molecular
mass of the ligands, it was necessary to use such an antibody to
m ossi-
b bel
� ition
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t signal
urface and work with a smaller signal[108]. The latter approac
as the benefit of requiring less receptor[111], but has an impo

ant limitation in that denaturation of the immobilized rece
ay occur upon repeated use.
Several receptors have been immobilized onto senso

aces, amongst which the�2-AR [110,112], rhodopsin[97,109],

r-

easure a significant change in signal intensity. Another p
ility to circumvent the small difference in signal was to la
-bungarotoxin with biotin and enhance the signal by add
f streptavidin[93].

The sensitivity of the assay may be increased by immobili
he ligand on the sensor surface thereby generating a large
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due to binding of the high-molecular mass receptor as described
by Kröger et al.[114] for the nicotinic acetylcholine receptor. In
this approach, the biotinylated antagonist�-bungarotoxin was
immobilized onto a streptavidin coated gold surface and the
receptor was solubilized or reconstituted in liposomes in order
to suppress non-specific binding. The liposomes were sterically
stabilized by introducing poly(ethyleneglycol)-lipids in order to
prevent binding between the liposomes and the surface or pro-
teins. The receptor preparation was preincubated with defined
amounts of ligand, e.g. carbachol and subsequently injected onto
the biosensor. A high concentration of carbachol added to the
receptor suspension gives rise to a small increase in the SPR
response because of low receptor binding to the surface and
vice versa[114].

The main advantage of SPR is thus the monitoring of molec-
ular interactions in real time without the use of labels. The major
limitation is that one of the binding partners needs to be immo-
bilized.

4.2.8.2. Total internal reflection fluorescence (TIRF). This
technique is based on the binding of a fluorescent-labeled ligand
to an immobilized receptor on a sensor surface. The detection
principle corresponds to surface plasmon resonance, but the sig-
nal is not dependent on the mass of the ligand, but makes use
of the sensitivity of fluorescence. In this case, the fluorescent
molecules that are present near the surface (within∼100 nm) are
e from
p bove
t res
a ne-
b

-
t
a and
i 6X-
fl nne
a and
u t ar
n ed b
t flu-
o t of
r imi-
d ng n
l and
a the
c res
c ized
r the
a pto
b d on
t a-
s ot b
o and
m with
m for
t pto
a

4.2.8.3. Chip-based mass spectrometry. Chip-based mass
spectrometry combines the use of adsorptive surfaces (e.g. ion
exchange, reversed-phase, receptor, antibody) to purify and
enrich analytes of interest from biological materials with mass-
spectrometric analysis[117–119]. If the sample is applied on
a chip with immobilized receptors, ligands with affinity for the
receptor are retained and thereby concentrated in a small vol-
ume after a washing procedure with appropriate buffers. In the
case of matrix assisted laser desorption ionization time-of-flight
mass spectrometry (MALDI-TOF-MS), a matrix solution is sub-
sequently added to permit ionization. In most cases, a pulsed
UV-laser (N2; λ = 337 nm) irradiates the sample resulting in des-
orption/ionization to form gas-phase ions. Ions are discriminated
based on their mass-to-charge (m/z) ratio measured in a time-
of-flight (TOF) mass analyzer after acceleration in a defined
electric field[118]. The advantage of this technique lies in the
ability to measure multiple ligands in one sample (multiplexing)
as long as they differ sufficiently inm/z and to obtain spectra
from numerous samples within a short time requiring little sam-
ple preparation and no chromatographic separation. Application
of the generally acidic matrix and the use of the UV-laser will,
however, likely irreversibly denature the immobilized receptors
on the surface, which limits the re-use of the chip.

A quantitative immunoassay based on chip-MS has been
shown by Nelson et al.[120] for myotoxina and Mojave toxin
from the venom of rattlesnake. To serve as internal standard
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xcited by the electron density waves (plasmons) resulting
olarized light that undergoes total internal reflectance a

he critical angle[91,115]. The different attachment procedu
nd the difficulties related to the immobilization of membra
ound proteins are similar to those described for SPR.

Schmid et al.[91,116] immobilized the purified histidine
agged serotonin receptor (5HT3-R) via a nickel(II) nitrilotri-
cetic acid (Ni-NTA) chelating group on a microscope slide

nvestigated the binding of the fluorescent ligand (GR11956
uorescein) with high sensitivity in a mass-independent ma
nd in real time with direct discrimination between bound
nbound ligands. Since only those fluorescent ligands tha
ear the surface and thus bound to the receptor are excit

he electron density waves, the signal is not affected by
rescent ligands in the bulk buffer solution. The amoun
eceptor recovered from the surface by specific elution with
azole was quantified using a radioreceptor assay indicati

oss in affinity. The pharmacological properties of agonists
ntagonists towards the receptor were studied by mixing
ompeting ligands at various concentrations with the fluo
ent tracer ligand before measuring binding to the immobil
eceptor with TIRF. The obtained results correlated with
ffinities determined for the native membrane-bound rece
y radioreceptor assay. The amount of receptor immobilize

he surface (∼454 molecules/�m2) was large enough to me
ure receptor–ligand interactions. The surface should n
verloaded with receptor in order to avoid steric hindrance
ass-transport limited binding. TIRF can be combined
icrofluidics resulting in a sensitive high-throughput assay

he measurement of binding constants, with minimal rece
nd reagent consumption.
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or quantification, myotoxina was chemically modified to H
yotoxin a by converting lysine to homoarginine for discri

nation by the mass spectrometer. The antibodies agains
oxins were immobilized on protein-A beads. The toxins w
xtracted using this affinity resin and subsequently eluted
ass spectrometer target plate.
To determine interaction in terms of binding constants c

ined with compound identification requires, however, the n
o couple the mass spectrometer to, for example, surface
on resonance[121–123]or frontal affinity chromatograph

see Section4.2.9.1). In SPR-MS, SPR was used to monitor
iomolecular interaction and the species retained on the
ere subsequently analyzed by MALDI-TOF-MS.

.2.9. Other techniques

.2.9.1. Quantitative affinity chromatography (QAC). Quanti-
ative affinity chromatography can be used as a tool for
n-line determination of affinities using receptors immobili
n chromatographic matrices. Receptors, either in membr
olubilized in mixed micelles or reconstituted in liposomes, h
een immobilized on several solid-phase matrices, for exa
n immobilized artificial membrane (IAM) beads or by ste
ntrapment in the pore structures of gels (e.g. Superdex® beads)
ther possibilities to immobilize receptors are based on th
f chromatographic supports that are covered with captu
olecules such as affinity tags and antibodies.
The IAM surfaces consist of either phosphatidylcholine (P

hosphatidylethanolamine (PE), phosphatidylserine (PS),
hatidylglycerol (PG) or phosphatidic acid (PA). Both PC
E are zwitterionic, whereas PS, PG and PA are nega
harged. Single chain phospholipids (PLs) were immobil
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Fig. 10. Immobilized affinity membrane (IAM) chromatographic surface dis-
playing single chain phosphatidylcholine (PC) immobilized on silica propyl-
amine beads. The IAM beads have been “endcapped” with both decanoic (C10)
and propionic (C3) acid anhydrides to block residual surface amines.

on silica propylamine beads with the advantage that binding
of neighboring PLs is not sterically hindered by the conforma-
tional freedom of the non-bonded acyl chain. This gives rise to an
increased density of immobilized PLs on the beads as presente
in Fig. 10. PLs containing a polar headgroup (e.g. PG) have bee
derivatized with protecting groups to eliminate intermolecular
bonding and to orient the immobilized phospholipid with its
headgroup away from the silica surface. To decrease non-specifi
binding and to make the surfaces more stable over a broad p
range (pH 2–7.5), the IAM beads have been “endcapped” with
both decanoic (C10) and proprionic (C3) acid symmetric anhy-
drides to block residual surface amines. Finally, the protecting
groups on the polar headgroups of the PLs were removed unde
acidic conditions to form the IAM surface[124,125].

IAM beads (12�m particles; 30 nm pore diameter) have been
used to determine binding constants towards, e.g. the nAChR
[126,127], the�- and�-opioid receptor[128], the�-AR [129]
and the Pgp transporter[130]. Prior to reconstitution of the
receptor on the phospholipid containing beads, the receptor wa
solubilized using a suitable detergent. This detergent shoul

possess a relatively high critical micelle concentration to make
detergent removal via dialysis possible.

Another way of making receptor-based stationary phases is
by steric entrapment of receptors, reconstituted in liposomes
or present as membrane vesicles, in Superdex® beads (average
diameter 34�m). The matrix of Superdex® consists of a net-
work of agarose and dextran, which makes it more hydrophilic
than the IAM beads. The mechanism, as proposed by Lundqvist
et al.[131], states that the immobilization in a gel bead occurs
by suction upon swelling (SUS) after freeze-thawing (FT). In
other words, the proteoliposomes are absorbed into the cav-
ities during rehydration of dry gel beads, where they remain
trapped as a consequence of disruption and subsequent fusion
to larger proteoliposomes during freeze-thawing. Trapped in
the beads, the proteoliposomes are protected from mechanical
disruption resulting in a stable chromatographic support. The
glucose (GLUT1)[132,133]and nucleoside (NT)[134] trans-
porter from red blood cells have been immobilized in this way.
By immobilization in Superdex® beads, it is important to keep
in mind, that the pore size of the beads is large enough to let the
proteoliposomes or membrane vesicles pass and small enough
to keep them trapped in the beads after fusion.

These receptor-based stationary phases are subsequently
packed into glass columns and receptor–ligand binding affini-
ties are determined using a radiolabeled ligand with an on-line
flow-through scintillation detector. Affinity-based chromatogra-
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hy can also be combined with other detection techniques
ass spectrometry[135] or fluorescence, where the former

he additional advantage of identifying unknown ligands with
he requirement of a label. The limitation of hyphenating a
ty chromatography with MS lies in the selection of buffe
hich should consist of volatile salts, and should be usu
f low ionic strength. Moreover, as ligands are simultaneo
etected, it is crucial to avoid ion-suppression, if the liga
o-elute[96]. Overall, the advantages of affinity chromatog
hy lie in multiple ligand screening and the repeated use o
olumn (dependent on receptor stability and carry-over) as
s in the possibility to enrich ligands. Affinity chromatogra
equires immobilization of the receptor protein with all its po
le difficulties and caveats as already discussed in Section4.2.8.
oreover, the slow and serial nature of chromatography li

hroughput.
QAC can be used in two different modes, the zonal and fro

ode. Overall retention on the column is caused by spe
nteraction with the immobilized receptor and non-specific in
ctions with the stationary phase itself, like the lipid bilayer
ther membrane proteins[136]. During zonal chromatograph

he ligand is applied to a column in a narrow band. As a re
he ligand will be diluted, resulting in the need for sensi
etection methods, especially for high affinity ligands tha
trongly retained on the column. The zonal mode can be
or screening of ligands that interact with a receptor, but is
seful for the quantitative determination of binding consta
ue to the unknown ligand concentration in the column.

In contrast to the zonal mode, a continuous stream of m
hase containing a defined concentration of ligand runs thr

he column during frontal chromatography. Initially all of
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applied ligand will interact with the receptor until all of the
receptor binding sites are occupied and breakthrough occurs.
A plateau will be reached when a steady state between lig-
and and receptor has been established in the column[137].
Applying the ligand in the frontal mode provides quantitative
information about its affinity to the immobilized receptor and
the amount of active binding sites in the column by linear or non-
linear regression analysis of the breakthrough curves[136,137].
During frontal analysis, the affinity of the labeled ligand is deter-
mined by varying its concentration or that of its competing
non-labeled equivalent in the mobile phase. The elution vol-
ume (V) reflects the sum of specific (Vspec) and non-specific
(Vmin) binding sites of the labeled ligand[137]. To determine
the association constantsKLR, KAR and the number of binding
sites R by frontal chromatographic analysis, Eqs.(7)and(8)can
be used[133]:

1

V − Vmin
= 1

Vmin × [R] × KLR
+ 1

Vmin × [R]
× [L] (7)

V is the elution volume of [L];Vmin is the non-specific elution
volume of [L]; [R] is the receptor concentration;KLR is the asso-
ciation constant receptor–ligand; [L] is the ligand concentration.

1

Vmax − Vi

= 1 + [L] × KLR

Vmin × [R] × KLR
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in an additional signal corresponding to the FK506-FKBP com-
plex. Increased addition of FK506 did not give rise to increased
relative intensities, which indicated saturation of the receptor.
For this methodology to work and to give quantitative data, it
is important that the receptor–ligand complex is not dissociated
during the generation of gas-phase ions from solution. This may
be achieved by modifying the ion source (higher pressure in the
interface) and by choosing buffer conditions that allow both sta-
bility of the receptor–ligand complex and successful ionization.
These rather restrictive conditions do not allow to measure every
receptor–ligand interaction directly by electrospray ionization
mass spectrometry. Notably membrane-bound receptors are dif-
ficult to maintain in solution without surfactants that interfere
with the ionization process. These issues need to be considered
in the determination of binding constants.

A more widely applicable strategy to achieve reliable binding
data is the separation of the unbound from the bound frac-
tion by size-exclusion chromatography or pulsed ultrafiltration.
Annis et al.[138] described a multidimensional chromatogra-
phy mass spectrometry method for the muscarinic M2 recep-
tor. Atropine was used as the ligand and was incubated to
equilibrium with the muscarinic M2 receptor. The sample was
subsequently subjected to a rapid (<20 s) SEC stage thereby
separating the receptor–ligand complex from the unbound lig-
and. The receptor–ligand complex was subsequently captured
on a reversed-phase chromatography–MS system. The ligand
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+ (1 + [L] × KLR)

Vmin × [R] × KLR × KAR
× 1

[A]
(8)

max is the total elution volume of [L];Vi is the elution vol
me [L] in the presence of [A];KAR is the association consta
nalyte-receptor; [A] is the analyte concentration.

When (V − Vmin)−1 is plotted against [L] and (Vmax− Vi)−1

s plotted against [A]−1, linear plots are obtained. From t
lopes and the intercepts binding constants can be calcu
he inverse of the calculated association constants give
issociation constants (Kd) for the interaction of ligand an
nalytes with the receptor in question[133]. A high concentra

ion of active binding sites (R/bed volume) together with a h
spec/Vmin ratio increases the precision of the determinatio

hese binding constants[137].

.2.9.2. Affinity selection mass spectrometry. The identifica
ion of ligands with affinity for a receptor can be achieved
ombining mass spectrometry with SPR or QAC, as alr
entioned. These strategies require, however, the immob

ion of one of the binding partners. Other affinity selec
ass spectrometry-based strategies measure the ligand

ize-exclusion chromatography (SEC-MS[138–141]) or pulsed
ltrafiltration (PUF-MS[142,143]) or make use of the possib

ty to directly inject the receptor–ligand complex[144,145].
Direct injection of the receptor–ligand complex on the m

pectrometer has been applied to the cytoplasmic receptor
FK506 binding protein[144]). The soft electrospray ioniz
ion mass spectrometry (ESI-MS) technique was used to
as-phase ions of the receptor and receptor–ligand com
irectly from solution without fragmentation. Addition of
light excess of FK506 (Tacrolimus) at pH 7.5 to FKBP resu
d.
e

-

ter
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x

as dissociated from the complex at high temperature (6◦C)
nd acidic (pH < 2) conditions.

In the case of PUF-MS[142,143], the receptor an
eceptor–ligand complex were trapped in a chamber fitted w
olecular weight cut-off ultrafiltration membrane. Low mol
lar weight ligands passed through the membrane and e

rom the chamber. The receptor and the receptor–ligand
lex were subsequently captured on a HPLC column an
eceptor–ligand complex was destabilized with an organic
ent or due to a pH change. In both SEC-MS as PUF-MS
luted desalted ligands were analyzed using mass spectro

.2.9.3. On-line liquid chromatography with biochemical
etection. Another way to hyphenate techniques in orde
eparate and to determine the biological activity of ligands
e achieved by on-line reversed-phase liquid chromatogr
RP-LC) coupled to a biochemical detection system, e.g. re
or affinity detection (RAD), as described by Oosterkamp e
146]. The RAD system consists of open-tubular reaction c
here the fluorescent ligand is mixed with the receptor a
ompeting analyte. In the heterogeneous set-up of the RAD
em (seeFig. 11), it is necessary to separate free from bo
igand, in contrast to the homogeneous set-up, where the c
f fluorescence properties (quenching/enhancement) upon

ng of the fluorescent ligand to the receptor is measured dir
espite the fact that the homogeneous set-up is easier,
lays lower sensitivity resulting from background fluoresce
f the receptor preparation and is not generally applicabl
ll fluorescent labels.

Separation in the heterogeneous set-up is done using a
olumn of restricted-access material (RAM[147]) containing
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Fig. 11. Heterogenous set-up of an HPLC system coupled to a receptor affinity detector (RAD): in the first reaction coil the analyte (A, eluate from the HPLC)
interacts with the receptor (R). The labeled ligand (L* ) subsequently competes with the analyte for the same binding site in the second reaction coil. The bound labeled
ligand fraction, separated from free labeled ligand via a restricted-access material (RAM) column, is determined by a fluorescence detector. In the homogenous
set-up, the RAM column is omitted.

C18-bonded silica on the internal pore surface so that separation
is based on mass difference between free and bound label and
hydrophobicity of the free label. The use of a RAM column is
limited to soluble receptors to avoid clogging in the column
and to small ligands (Mw < 10 kDa) that can enter the pores
and are retained due to hydrophobic interactions. Moreover,
breakthrough of the fluorescent labeled ligand after a number
of analyses complicates detection and requires frequent regen-
eration of the RAM column, especially if organic modifiers are
present during the on-line coupling of reversed-phase LC to the
RAD system[146,148]. The use of a hollow fiber consisting of
a cut-off membrane allows to continuously separate bound from
free ligand based purely on size without the need for frequent
regeneration[148].

The assay principle has been demonstrated for the solu-
ble estrogen receptor[146] and the soluble urokinase receptor
[149], but not for integral membrane receptors. The technique
uses either fluorescent labeled ligands[146,150]or fluorescent
labeled proteins[151]. The use of a labeled protein requires
the immobilization of a competing ligand on an affinity col-
umn of sufficient capacity to trap the excess of labeled protein
[151].

The response in a continuous-flow RAD system is influenced
by dispersion in the reaction coil(s) (reaction time), the concen-
tration of both the receptor and the labeled ligand, the affinity
of both the labeled ligand and the analyte and the stability of
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reaction coil[146]. Nevertheless, due to the continuous-flow
set-up of this technique, reaction times can be set to 1–2 min,
instead of an average of 1–2 h in microtiter plate assays and some
receptors have been shown to survive such short incubation times
under mildly denaturing conditions[146,151]. Moreover, split-
ting the flow post-column provides the means for a combined
analysis of ligands via RAD (biochemical analysis) and other
detection systems, for example mass spectrometry (chemical
analysis).

4.2.9.4. Microfluidics (lab-on-a-chip). Miniaturization of
assay formats has long been a driving force for new technical
developments. Miniaturization reduces reagent consumption
and often allows to reduce assay times significantly. However,
performing miniaturized assays in microtiter plates increases
the demands on liquid handling equipment (dispensing, mixing)
and evaporation control significantly often rendering the assays
less robust. Furthermore, not all assay formats are amenable
to miniaturization, as sensitivity decreases in, for example, the
scintillation proximity assay.

Microscale total analysis systems (�TAS) provide a versatile,
novel analysis platform that integrates sample handling, mixing,
separation and detection in a single microfluidics device, where
only submicroliter reagent volumes are required. Moreover, sev-
eral analyses can be done in parallel reaction channels. The
reagents are pumped through capillaries or channels via elec-
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o linearization of the calibration curves due to the interac
eaching its steady state. Adding a higher concentration of
esults in an increase of the absolute signal from the rece
abeled ligand complex, but also to an increase in backgr
oise, if the homogeneous set-up is used[150]. A major prob-

em in on-line coupling of the LC system with RAD lies in t
act that organic solvents used in the LC runs can denatu
eceptor at prolonged reaction times and thereby decrea
otal number of binding sites. This counteracts the increase
ation of analyte-receptor and labeled ligand–receptor com
uring longer incubation times, as discussed above and re
areful optimization of the final modifier concentration in
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roosmosis or via pressure driven flow. Detection is most o
one based on fluorescence but coupling to mass spectro
as also been described[152,153]. Chemiluminescence, on t
ther hand, is one of the most promising detection techn
ies for microfluidic systems due to high sensitivities (10−18

o 10−21 mol) and no requirement of an external light sou
154].

Buranda et al.[155] demonstrated biomolecular reco
ition in microfluidic channels, where fluorescently labe
iomolecules of interest were attached to streptavidin-co
eads. In this case, quenching was directly monitored by p

ng fluorescent labeled M1 anti-FLAG monoclonal antib
es through the microcolumn consisting of fluorescent FL
eptide bearing beads. A microfluidics enzyme immunoa
as described by Yakovleva et al.[154]. The silica surfac



L.A.A. de Jong et al. / J. Chromatogr. B 829 (2005) 1–25 19

of the microchip was modified by attachment of protein A or
G via a hydrophilic polymer, such as dextran. The detection
was based on chemiluminescence using horseradish peroxidase
(HRP) mediated oxidation of luminol. The HRP labeled anti-
gen competed with the analyte for the antibody binding sites
off-line with subsequent trapping of the formed immunocom-
plexes on the protein A (or protein G) chip in the microfluidics
device. The amount of bound labeled antigen was determined
by injection of luminol/H2O2/p-iodophenol. The applicability of
the immunosensor was demonstrated for the pesticide atrazine.
The full potential of microfluidics has yet to be realized, espe-
cially in the quantitative analysis of receptor–ligand interactions.

4.2.9.5. Nuclear magnetic resonance spectroscopy (NMR).
NMR spectroscopy is widely used in elucidating the structure of
chemically synthesized compounds and biomolecules. Next to
this main application, there are NMR techniques that allow the
study of molecular interactions at the atomic level. Despite the
fact that NMR is being more and more used in understanding
receptor–ligand interactions including, e.g. competitive binding
and allosteric effects that are otherwise difficult to study[156], it
is fair to say that this technology has limitations due to its poor
sensitivity and low throughput. It is beyond the scope of this
review to go into detail concerning the different experimental
approaches in NMR spectroscopy and the reader is referred to
literature reviews by Lepre et al.[157] and Meyer and Peters
[

5. The use of recombinant receptor proteins

Receptor assays rely on the availability of well controlled and
reproducible sources of receptor protein. One widely available
source is animal tissue. However, the presence of other phar-
macologically similar receptors and the fact that non-human
receptors may show different binding profiles than their human
counterparts are potential drawbacks. It is also exceedingly dif-
ficult to purify appreciable quantities of receptors from animal
tissue, which makes the development of well-defined assay con-
ditions tedious or even impossible.

The limitations of receptor preparations from natural sources
has driven the development of heterologous expression systems
for human receptors both soluble and membrane-bound. This
has greatly facilitated research on single human receptor sub-
types. Despite much progress in the expression and purification
of recombinant receptors, there is no universal host that provides
high expression levels, homogenous receptors and expression of
the receptor in its functional form, which testifies to the individ-
uality of receptors[158].

Expression systems can be roughly divided into prokaryotic
and eukaryotic host organisms, including insect and mammalian
cells, each of which demonstrate advantages and disadvantages
as shown inTable 4and reviewed by several authors[158–162].
The advantages and disadvantages focus mainly on the expres-
sion of membrane-bound receptor proteins, as expression of
s ue to
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dvantages, disadvantages and expression levels for heterologous expr

xpression system Host organism Advantages
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Bacillus subtilis Protein homog

Rapid growth (
20 min)
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east Saccharomyces cerevisiae Rapid growth (
Schizosaccharomyces pombe Simple media
Pichia pastoris Scale-up (ferm
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he range of expression levels were obtained from the review by Sarramegna[1
oluble proteins has generally proven to be easier. This is d
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No post-translation modifications 0.2–16 pmol/m
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struction Different membrane lipid
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et al.61] on heterologous expression of GPCRs.
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a lack of knowledge concerning membrane protein insertion and
folding in comparison to folding of soluble proteins. Moreover,
it should be noted that high expression levels are only reported
for a few receptors, such as the�-adrenergic receptor inSac-
charomyces cerevisiae (115 pmol/mg[163]) and in CHO cells
(200 pmol/mg[164]). As described by Grisshammer and Tate
[159], expression levels are dependent on the number of trans-
membrane regions and the requirement for post-translational
modifications necessary for receptor activity. Moreover, in the
case of GPCRs, the presence of high and low affinity binding
sites can give rise to altered functional expression levels, due to
the fact that antagonists label both affinity sites, where agonists
label only the high affinity site.

Expression in a prokaryotic host, such asEscherichia coli,
allows the production of large amounts of biomass. Never-
theless, the production of functional human receptor is often
limited by the bacteria’s inability to perform post-translational
modifications, like glycosylation, and incorrect protein fold-
ing. Especially functional G-protein coupled receptors cannot
be expressed inE. coli, due to the lack of endogeneous G-
proteins, which are required for high affinity agonist binding
[165].

The use of yeasts, likeS. cerevisiae or Pichia pastoris, as
expression hosts is a good alternative between the expression
in bacteria (E. coli) and mammalian cells. This lower eukary-
ote is able to glycosylate proteins, while still growing rapidly
t ted,
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Heterologous expression of receptors in mammalian cells
is the most appropriate approach if functional studies are to
be performed, due to the close resemblance with the mem-
brane environment receptors naturally occur in. Mammalian
cells can perform complex post-translational modifications, con-
tain numerous endogenous G-proteins and have comparable
membrane lipid compositions. However, as in the case of insect
cells, growth of mammalian cells is time-consuming, difficult to
scale up and requires expensive and complex culture media.

Expression of receptor proteins in heterologous hosts opens
the possibility of engineering the receptor protein, for exam-
ple, by fusing affinity tags to the protein, which can be used
for detection, purification and oriented immobilization. Most
of the affinity tags are fused to the C-terminus of the recep-
tor protein, but depending on the specific application (detection,
immobilization, purification), the affinity tag can also be fused at
the N-terminal or at both termini. Affinity tags greatly facilitate
purification of proteins and thus functional and structural stud-
ies as well as the development of receptor binding assays. The
fusion tags comprise polyhistidine-metal ion, antibody–antigen
and biotin–streptavidin recognition elements. Especially the
biotin–streptavidin interaction provides a good basis for robust
and efficient immobilization of proteins on a solid surface as
demonstrated for the�2-adrenergic receptor in SPR applica-
tions. An overview of the commonly used affinity fusion systems
is provided by Nilson et al.[169].
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f the difficulties of expressing GPCRs in yeasts. Still alte
inding properties are often observed due to the low ch

erol content in the yeast plasma membrane, the low nu
f endogenous G-proteins and differences in post-transla
odifications[166,167]. Co-expression of G�-proteins in both
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gonist binding and G-protein coupling, respectively, ind

ng that further engineering of these expression hosts
romise for the expression of a wider range of memb
eceptors.

Baculovirus-infected insect cells (e.g.Spodoptera frugiperda
Sf9)) express the majority of membrane-bound receptors
unctional form. However, ligand–receptor binding proper
ight be altered due to the low cholesterol concentration i
embrane and the limited number of endogenous G-pro
he latter becomes especially important at high expression

168]. The doubling time of insect cells is long (24 h) if co
ared to bacteria and yeast and expression requires co
edia, which makes production rather expensive. More
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Enhanced green fluorescent protein (EGFP) can be
t the N-terminus of the receptor, thereby creating a rep
f receptor expression, as demonstrated by Sarramegna

170] for the human�-opioid receptor (HuMOR) express
n P. pastoris. EGFP was used to quantify HuMOR express
evels, whereas saturation ligand binding experiments wit
ntagonist [3H]-diprenorphine quantified the level of function
eceptor. While antagonist binding reached up to 1 pmo
rotein, EGFP fluorescence demonstrated expression lev
6 pmol/mg total protein. In this elegant manner, it was sh

hat only about 6% of the expressed receptor was function
In choosing the most appropriate host for a given recepto

ein one has to consider yield, functionality, post-translati
odifications and the possibilities for scale up[162]. From
pharmacological point of view, insect and mammalian

rovide the most successful host organism in relation to re
or activity. However, for structural studies by NMR or X-r
rystallography, where much larger amounts are needed
mportant to have high levels of homogenous protein exp
ion, which favorsE. coli and yeast over insect and mamma
ells[158].

. The quantitative use of receptor assays in biological
atrices

Next to the role of receptor binding assays in drug dis
ry and the elucidation of structure–activity relationships,
re also applicable to the quantitative determination of rec
inding ligands in complex biological samples[9,27]. Quantifi-
ation of biological levels using a receptor assay provide
verall concentration of all analytes that affect binding, wh
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is likely better correlated to the pharmacological effect of a drug
or drug metabolite than the concentration of individual ligands
measured with chromatographic or mass-spectrometric meth-
ods or the concentration of all analyte-related ligands using
immunoassays. Most ligand-binding receptor assays applied
to quantitative bioanalysis, are based on classical radiorecep-
tor assay formats requiring separation of free from bound
ligand.

In the development of quantitative receptor assays for bio-
analysis of drugs and their metabolites, a few basic factors need
to be considered[9,27]. First, the incubation medium should be
closely related to the human physiological condition if mean-
ingful quantification of total biological activity is the goal. The
effect of incubation time, temperature, pH and ionic strength on
the affinity of the ligand for its receptor and on receptor sta-
bility need to be assessed. Especially the presence of sodium
can be detrimental for agonist binding affinity in some recep-
tors [171–173]. The second aspect is the choice of a suitable
receptor preparation. Animal tissue can be obtained with rela-
tive ease at low costs; however, due to receptor heterogeneity,
low expression levels and non-human pharmacology, an increas-
ing trend towards the use of recombinant receptors is seen, as
already discussed above. The ligand that is used in the binding
assay, either radioactively or non-radioactively labeled, is a third
factor to consider. In quantitative receptor assays, the labeled
ligand should bind reversibly with high affinity to the recep-
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in suicidal patients, who took a large dose of benzodiazepines at
once. Due to high benzodiazepine concentrations, no correlation
was demonstrated between the benzodiazepine concentration in
plasma and the severity of memory impairment. Nevertheless,
the data suggested that loss of memory already occurred at low
concentrations of benzodiazepines, where sedative effects man-
ifested at higher benzodiazepine concentrations[176,178].

A direct radioreceptor assay for the determination of mor-
phine and its active metabolites, mainly M6G, was developed
and used to measure the opioid activity in serum of neonates.
Morphine is used as an analgesic in neonates to relieve pain and
to prevent stress during painful and invasive procedures. Mor-
phine causes, however, serious side effects, mainly through its
active metabolite M6G. The radioreceptor assay proved useful
as a screening tool in the assessment of opiate activity in serum
of neonates treated with morphine[177].

7. Summary

This review gives an overview of various assay technologies
and applications for the measurement of receptor–ligand interac-
tions. The measuring principles, advantages and disadvantages
of the different assay technologies are discussed and highlighted
on some practical examples. Over the past years, a shift from
radioactive to fluorescence-based detection of receptor–ligand
interactions has been observed, with emphasis on the mix-and-
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eparation of bound from free ligand, due to a fast dissoci
ate. If the ligand, on the other hand, displays a dissoci
onstant of less than 10 pM, it will be difficult to achieve eq
ibrium in a reasonable time, due the slow dissociation

oreover, the ligand should be chemically stable and resi
o enzymatic degradation. It is preferred to choose the
otent enantiomer to set-up a bioanalytical receptor assa
radioligand, it is advisable to choose one with high spe

ctivity and purity. A fluorescent ligand should have an ex
ion wavelength larger than 450 nm to avoid interference f
utofluorescence from the matrix, a high fluorescence inte

n aqueous media and be photostable (see also Section3 for
ore details).
A receptor assay can be performed directly in the matr

he concentration of the drug is high enough and the bio
al matrix does not interfere with the determination. Otherw
t is required to perform adequate sample pretreatment
o eliminate matrix interferences and to enrich the analy
nterest. Quantitative receptor binding assays need to be
ated according to guidelines, as for example outlined in
ashington Conference Report on Analytical Method Val

ion [174,175]to demonstrate its performance and the reliab
f the analytical results, especially if the methods shall be

n hospitals or clinical chemistry laboratories.
Quantitative receptor assays have been used to dete

lasma levels of benzodiazepines[176]and serum levels of mo
hine and its active metabolite, mainly morphine-6-glucuro
M6G) [177]. To correlate loss of memory with the benzo
zepine concentration, plasma concentrations were deter
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ead assays. Moreover, mix-and-read assays with the abi
iniaturize and multiplex have emerged, as they are of

nterest in high-throughput screening (HTS) in order to red
eagent consumption and costs. A major drawback of the cu
etection technologies is the need to label and/or immobilize
r both of the interacting partners, with the possibility of alte
inding characteristics and specificity. It is therefore difficu
ave a universal non-radioactive mix-and-read assay form
ll receptors currently known, which makes the classic rad
eptor assay still the method of choice in drug screening. Ge
ngineering of receptors and their expression in heterolo
osts open new possibilities for labeling and immobilizat
hich facilitate the development and implementation of m
nd-read assays in routine HTS.

omenclature

-AR �-adrenergic receptor
-AR �-adrenergic receptor
-OR �-opioid receptor

molar extinction coefficient
correlation time/diffusion time constant

TAS micro total analysis system
-HT 5-hydroxytryptamine

analyte
+ agonist
− antagonist
b antibody
bs absorbance
lpha amplified luminescence proximity homogeneous a
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AP alkaline phosphatase
AR analyte–receptor complex
Ar Argon
Ar–Kr Argon–Krypton
BDZ-R benzodiazepine receptor
Bmax maximal binding sites
Bodipy borondipyrromethine
BRET bioluminescence resonance energy transfer
BSA bovine serum albumin
CCD charge-coupled device
CHO Chinese hamster ovary
COOH carboxylic acid
COS African monkey cells
D diffusion coefficient
DHA dihydroalprenolol
DMSO dimethylsulfoxide
DNA deoxyribonucleic acid
EGF epidermal growth factor
EGFP enhanced green fluorescent protein
Em/λem emission wavelength
ER estrogen receptor
ESI electrospray ionization
Ex/λex exitation wavelength
FCS fluorescence correlation spectroscopy
FMAT fluorometric microvolume assay technology
FP fluorescence polarization
F
F
G
G
G
G
G
G
H
H
H
h
h
H
H
H
I
I
I led

I
I
k
k
K
K
K
K
L
L
L

M6G morphine-6-glucuronide
MALDI matrix assisted laser desorption ionization
MeOH methanol
MS mass spectrometry
Mu-Alexa muscimol labeled with Alexa 532
MVF microvolume fluorometry
Mw molecular weight
nACh-R nicotinic acetylcholine receptor
NBD 7-nitrobenz-2-oxa-1,3-diazole
Ni-NTA nickel(II) nitriloacetic acid
NK1 neurokinin-1
NMR nuclear magnetic resonance
NT nucleoside transporter
OR opioid receptor
PA phosphatic acid
PC phosphatidylcholine
PDGF-R platelet-derived growth factor receptor
PE phosphatidylethanolamine
PEI polyethylene imine
PE-SH phosphatidylethanolamine-SH
PG phosphatidylglycerol
Pgp P-glycoprotein
PL phospholipid
PS phosphatidylglycerol
PUF pulsed ultrafiltration
QAC quantitative affinity chromatography
Q
R
R
R
R
R
R atog-

R
S
S
S
S
S
S
S
T
T
T
T
T trans-

U
V
V
V
V
V
W
x
X

RET fluorescence resonance energy transfer
T freeze-thawing
ABAA gamma-aminobutyric acid
FP green fluorescent protein
LUT1 glucose transporter
PCR G-protein coupled receptor
RF growth hormone releasing factor
TP guanine triphosphate
EFP high efficient fluorescence polarization
EK human embryonic kidney
e–Ne Helium–Neon
IL-5 human interleukin-5
M1-R human muscarinic-1 receptor
RP horseradish peroxidase
TS high-throughput screening
uMOR human mu-opioid receptor

.D. internal diameter
AM immobilized artificial membranes
C50 concentration inhibitor displacing 50% bound labe

ligand
p parallel intensity
s perpendicular intensity
+1 association rate constant
−1 dissociation rate constant
AR association constant A-R
d dissociation constant
i affinity constant
LR association constant L-R
* labeled ligand
C liquid chromatography
* R labeled ligand–receptor complex
Y quantum yield
receptor

AD receptor affinity detection
AM restricted-access material
ho rhodamine
o-1986 didesethylflurazepam
P-HPLC reversed-phase high-performance liquid chrom

raphy
RA radioreceptor assay
AR structure–activity relationship
E succinimidyl ester
EC size-exclusion chromatography
f9 Spodoptera frugiperda
PA scintillation proximity assay
PR surface plasmon resonance
US suction upon swelling
IRF total internal reflection fluorescence
MB tetramethylbenzidine
OF time of flight
RF time-resolved fluorescence
R-FRET time-resolved fluorescence resonance energy

fer
V ultraviolet

elution volume of L
i elution volume L in the presence of A
max total elution volume of L
min non-specific elution volume L
spec specific elution volume of L
GA wheat germ agglutinin

the ligand to be measured
e xenon
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