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Abstract

Receptor-ligal

nd interactions play a crucial role in biological systems and their measurement forms an important part of modern pharmaceut

development. Numerous assay formats are available that can be used to screen and quantify receptor ligands. In this review, we give an ovel
over both radioactive and non-radioactive assay technologies with emphasis on the latter. While radioreceptor assays are fast, easy to us
reproducible, their major disadvantage is that they are hazardous to human health, produce radioactive waste, require special laboratery cond
and are thus rather expensive on a large scale. This has led to the development of non-radioactive assays based on optical methods like fluores
polarization, fluorescence resonance energy transfer or surface plasmon resonance. In light of their application in high-throughput scree
environments, there has been an emphasis on so called “mix-and-measure” assays that do not require separation of bound from free ligand
advent of recombinant production of receptors has contributed to the increased availability of specific assays and some aspects of the expre
of recombinant receptors will be reviewed. Applications of receptor—ligand binding assays described in this review will relate to screening and 1

quantification of
© 2005 Elsevier

pharmaceuticals in biological matrices.
B.V. All rights reserved.
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1. Introduction the detection technologies discussed here are also applicable to

cell-based assay5]. Description of the different technologies

Many biochemical processes, essential for the functioningvill be accompanied by an overview of labels that can be uti-
and survival of cells (and the organism), are regulated byized in receptor binding assays. Next to this, the review will
hormones, neurotransmitters, cytokines and other “messengeshortly address the use of recombinant expression of receptors
molecules. This regulation proceeds by interaction of these nath host organisms and describe the criteria to develop quantita-
urally occurring molecules with receptors that are either embedive receptor assays in biological matrices.
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 peceptor binding assays have their origin in the competition
a S|r_19Ie trangmembrane gegment. GPCRs interact with GT%'et\Neen an analyte [A] and a labeled ligand][for binding
binding proteins and consist of seven-transmembrane heliceg, 5 certain receptor [R]. The relationship between the labeled
lon channels are homo- or hetero-oligomeric receptors that alijyand, the receptor and its complex is given by B, and

composed of several subunits arranged in a ring that forms thgows the law of mass action assuming reversible binding.
ion channel containing the ligand-binding sites. Nuclear or sol-

Theoretical aspects of receptor—ligand interactions

k
uble receptors are represented by the group of steroid receptdr] + [L*] él[RL*] 1)
(e.g. the estrogen receptor) and the non-steroidal receptors (e.g. k-1

Vitamin D receptor) that regulate biological functions by con-

. . ; : The ratiok_1/k+1 refersto the dissociation constaft, which
trolling gene expression. This class of receptors consists of & inversely proportional to the ligand affinity towards the recep-
DNA-binding and a ligand-binding domain. y prop 9 y P

Changes in receptor density and a disturbed balance in t tor. At equilibrium, theKy can be determined as shown in Eg.

. 2 L ), and represents the amount of ligand that saturates 50% of
(in)activation of these receptors give rise to the development g - ) -
: : A0 . the binding sites ([1] = Kq).
disease. For example, Parkinson’s disease is related to a changée
indopamine D2 receptor densjty]. Because of the involvement ko1 [L*] x[R]
of these receptors in disease development, they are importath =7 = T e 2
i . ) o ki1 [RL*]
targets in drug discovery. Itis thus not surprising that, for exam-
ple, drugs that interact with G-protein coupled receptors make Saturation of the receptor binding sites at a high concentration
up 50% of all available therapeuti¢®,3] and are therefore of of labeled ligand (>1& Kg) defines the total number of specific
major interest. binding sitesBmax, Which can be derived from Eq3). Bmax IS
Receptor screening methodologies can be based on either theually expressed in picomoles per milligram protein or as a true
determination of a functional response (e.g. cell proliferation) concentration in the assay medium.
the production of second messengers (e.g\ar the interac- .
tion of a ligand with its receptd#]. With respect to functional [RL*] = [L*] X Bmax
assays, itis possible to simultaneously monitor several signaling [L*]+ K4
events such as enzyme activation (e.g. adenylate cyclase) and the

bilizati & and to diff tiate betw i d Introducing a competing analyte leads to the formation of
mobilization o » and to differentiate between agonistic and receptor complexes (see H4)). The analyte will displace

antagonistic properties. There is atrend towards the develOpmthcertain amount of labeled ligand, which depends on both the

of cell-based assays (e.g. to replace animal studies), which h%ncentration and the affinity of the analyte
been facilitated by recombinant DNA technology using reporter '

gene systems. Nevertheless, itis sometimes still costly and difffr] + [L*] + [A] = [RL*] + [RA] (4)

cult to obtain stable eukaryotic cell lings. Binding of a ligand

(agonist or antagonist) to its cognate receptor is the initial and If the analyte concentration is varied and both the receptor
indispensable step in the cascade of reactions that finally causencentration and labeled ligand concentration are kept con-
a pharmacological effe¢d] and many successful and widely stant, inhibition curves can be constructed. From these curves,
used techniques are thus based on measuring ligand bindintdpe 1Gso-value, which represents the analyte concentration that
Various assay formats to measure the interaction of a ligandisplaces 50% of the bound labeled ligand, can be determined.
with its receptor will be covered in this review, but many of This ICsp-value isrelated to the affinity constakitof the analyte

©)
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as described by the Cheng—Prusoff equal@n(Eqg. (5)). to determine an unknown amount of analyte that is present in
L*] a biological matrix with high sensitivity and reproducibility by

ICs0 = K; x (1 + ) (5)  comparing the displaced amount of labeled ligand with standard
Kq curves that contain known concentrations of the andBjte

The validity of the Cheng—Prusoff equation is based on a.o.
the assumption that the labeled ligand binds with only a smal8. Overview of labels available to measure
fraction to the receptor. This means that the free and total labelagceptor-ligand interactions
ligand concentration is approximately equal. The equation, nev-
ertheless, loses, its validity if ligand depletion occurs as a con- Most of the assay technologies described here, require label-
sequence of a high receptor concentration or a high affinity oing of either the ligand or the receptor. Radio-isotopic labels
the labeled ligand for the recepti. such as’H, 129 and 32P can be used to label the ligand with-
Receptor-ligand binding assays can be used in multiple waysut having an effect on the affinity of the ligand towards the
First, they can be applied as a tool for basic research concerneceptor. Because of the disadvantages of disposal of radioac-
ing the receptor itself by determining receptor distribution andive waste, relatively long read times (10,000 counts: 25 min for
identifying receptor subtypes. Second, screening of new chemradioactivity versus <50 ms for fluorescen]), costs, health
cal entities and the discovery of endogenous ligands is facilitatedazards, the requirement for special licences, etc., efforts have
by the utilization of receptor—ligand binding assays, despite thincreased to develop new technologies based on either colori-
fact that receptor—ligand binding assays do not predict the intrinmetric, fluorescence or (chemo-/bio-) luminescence detection
sic activity (agonistic or antagonistic) of these compouji@lls  systems. An overview of non-radioactive labels available to mea-
Finally, these types of assays can be used in a quantitative wayre receptor—ligand binding interactions is giveiale 1

Table 1
Spectral characteristics of some non-radioactive labels commonly used to measure receptor—ligand interactions
Detection Label/substrate Abs (nm)  Em((m) QY (%) &(cm1M~1) Mw (Da) Solvent Notes
Color TMB 450 - - 59000 240 - Chromogen for HRP
Fluorescence Alexa Fluor dyes 350-750 >80 15000-250000 410-1400 pH7/MeOH  Bright, pH insensitive,
photostable
Bodipy FL- 505 511 High 91000 293 MeOH Small Stokes shift, narrow
propionic acid emission bandwidth
Methoxycoumarin- 336 402 Moderate 20000 220 pH9 pH insensitive
COOH
CyDyes 548-774 >4 >120000 658-1130 - Bright, pH insensitive,
photostable
Dansyl-SE 335 518 Moderate 4200 462 MeOH Weak fluorescence in
aqueous solutions
Fluorescein 490 514 19-74 88000 332 pH9 Sensitive to pH,

photobleaching &
quenching, broad
emission bandwidth
NBD-SE 466 535 30-75 22000 392 MeOH Low fluorescence in
water, QYt & Enpl in
aprotic solvents

Rhodamine 504 532 High 78000 508 MeOH Photostable, pH

Green-SE insensitive

Texas Red-SE 583 603 High 112000 817 MeOH Emission at longer
wavelenght

Europium- 337 613 <70 17000 366 10 Long fluorescence

cloride 6H,0 lifetime, large Stokes

shift, narrow emission
bandwidth, absorbance
and luminescence weak
unless chelated

Chemoluminescence  Luminol 355 411 Low 7500 177 MeOH Enzymatic, signal time
min-range, substrate HRP
Lucigenin 368/455 505 60 36000/7400 511 >(H Acridium ester,

non-enzymatic, signal
time sec-range
Bioluminescence Luciferin 328 560 High 18000 280 pH7 Substrate luciferase

It should be noted that the fluorophores presented here are only a small selection of fluorophores available (most of the spectral data wersndhtahhetdfbook of
Fluorescent Probes and Research Products, nineth ed., R.P. Haugland, Molecular Probes, 2002). Abs = absorbance/excitation wavelengtbn BEravesngisi;

QY =quantum yield;e =molar extinction coefficient; Mw = molecular weight; TMB =tetramethylbenzidine; HRP =horse-radish peroxidase; MeOH =methanol;
COOH = carboxylic acid; Bodipy = borondipyrromethine; SE = succinimidyl ester; NBD = 7-nitrobenz-2-oxa-1,3-diazole.
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Receptor assays based on color development make use @ént decay times of lanthanide chelates makes them useful in a
enzymes such as alkaline phosphatase (AP) and horseradish pemge of other assay formats as described in Sectich$ and
oxidase (HRP). In the case of HRP, a colored product is formed.2.2
upon incubation of the enzyme with a suitable chromogenic sub- An alternative detection technique for non-radioactive recep-
strate in the presence of hydrogen peroxide. Assay types bastat binding assays is based on the generation of chemolu-
on color development are not very sensitive and fast in compariminescence or bioluminescence upon oxidation of luminol
son to assays that make use of fluorometric or chemiluminescenéatalyzed by peroxidase or luciferin catalyzed by luciferase,
detection. Moreover, some enzymes show a lack in stability antespectively. Next to the enzymatically derived signals, there
the final assay setup is rather complex. are also non-enzymatic systems that make use of, e.g. acri-

Fluorescence is becoming increasingly popular as a detechnium esters like lucigenin. The acridinium esters are char-
tion principle due to dyes with enhanced brightness (fluoresacterized by a fast signal development and a high light output
cence intensity = molar extinction coefficienjuantum yield), upon addition of hydrogen peroxide in an alkaline environment
greater photostability and improved physical properties (e.g. pHiL4,15] The luminescence signal can be detected with out-
stability, water solubility) of the fluorophord1]. The choice standing sensitivity through the use of a photomultiplier tube
of the fluorophore to label ligands is critical in assay develop-or a charge-coupled device (CCD) down to 3®to 10-2X mol
ment. According to Baindur and Triggld?2], a suitable flu- [16]. There is little or no background from the matrix or scat-
orophore should possess the following characteristics: a higtering, which is an enormous advantage over the fluorescence
quantum vyield (QY >0.3), a high extinction coefficiea) (o = systems. The use of luminescent compounds with a different
enable sensitive detection in aqueous media, photostability aridnetic profile or different emission wavelength makes multi-

a high excitation wavelength to reduce autofluorescence. Morgslexing with this type of labels possibj&5,16] Nevertheless,
over, the molecular size, the use of a spacer and the positiaas in the case for fluorescence, a disadvantage of luminescence
of the fluorophore on the ligand are of major importance. Viais the possibility of inhibition or enhancement of the signal by
structure—activity relationships (SARS), it is possible to determatrix component§l4]. Moreover, in the case of biolumines-
mine the key positions for labeling a ligand by avoiding regionscent assays, it is a prerequisite to make use of highly purified
in the molecule that are involved in binding. In most cases, aeagents.

spacer between fluorophore and ligand is necessary to reduce

steric hindrance caused by the attachment of a bulky fluorophord. Receptor-ligand binding assay technologies

The introduction of a spacer or the length of the spacer can,

however, also bring about a negative effect on the affinity, so Receptor-ligand binding assays may be classified according
that a range of labeled ligands need to be tested to find the optie the need for separation of bound from free ligand or the detec-
mal one. Sometimes, it is possible that the parent compountion technique. Indexed by the first criterion, the assay types
does not show any affinity towards the receptor, but that labelare heterogeneous, homogeneous and non-separating homoge-
ing creates a fluorescent ligand with high affinity as shown fomeous. Heterogeneous assays require separation of the free from
the benzodiazepine ligand, desethylflumaz§ig], but thisis  the bound fraction of the ligand by either filtration, centrifu-
exceptional. gation or dialysis before measurement. A homogeneous assay

Disadvantages such as, e.g. photoinstability (fluorescein) anequires no separation or washing steps before measurement,
small Stokes shift (Bodipy) can be overcome by using moreesulting in the development of the so called mix-and-measure or
stable dyes with larger Stokes shifts, like Alexa FRidabels. mix-and-read assays, which is often an advantage when it comes
The family of Alexa Fluo? dyes covers a broad range of exci- to assay automation and miniaturization. In the non-separating
tation and emission wavelengths that can be adapted to molsbmogeneous assay, the signal is centered on or around a solid
of the available detection techniques. Moreover, these dyes aphase which contains the immobilized receptor or ligand. In
intensely fluorescent, photostable, insensitive to pH changebis assay format, there is also no need to physically separate
and soluble in water. Detection methods based on fluorescentige free from the bound fractida7]. The ideal assay should be
still have numerous disadvantages. First, the fluorescent sigpecific, sensitive, easy to perform, reliable and reproducible,
nals can be quenched by other compounds in the assay mixtuieheap, rapid and suitable for automation. Furthermore, there is
plastic materials or the biological matrix. Second, fluorescenca preference for non-radioactive assay formats to reduce health
emission can be scattered by particles and finally autofluorisks and environmental pollution as well as costs. Next to this,
rescence from proteins or other compounds in the matrix cathe possibility to quantify multiple analytes in a single assay
give rise to high background signals. The long lifetime lan-becomes more and more important, so the system should prefer-
thanides (e.g. europium; decay time >0.5ms) present a growgbly be capable of multiplexind 8].
of fluorescent dyes which can overcome the problems associ- Next to the formats mentioned above, it is possible to deter-
ated with short lifetime fluorophores (decay time <50 ns). Thesenine the ligand binding properties via affinity chromatography
lanthanides are used in time-resolved fluorescence, where aftesing immobilized receptors and interfacial optical assays, e.g.
excitation a delay time is introduced prior to measuring theirtotal internal reflection fluorescence (TIRF) and surface plas-
emission to eliminate interferences due to short-lived fluoresmon resonance (SPR). The latter has the advantage that no label
cence background signals and scattering. This allows measuris-required. An overview of the different receptor-binding assay
ments with higher sensitivity and precision. The slow fluorestechnologies is given ifiables 2 and 3
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Table 2
Advantages and disadvantages of receptor—ligand binding technologies |
Assay format Principle Receptor{s) Advantages Disadvantages Ref.
Radioactive
Filtration assay Radioactive Various Labeling step does not change Requires separation, [27,179]
affinity, robust radioactivity, medium throughput
SPA/flash plate Energy transfer a-AR, IL-5, GRF Mix-and-read, labeling step does Radioactivity, receptor [29]
not change affinity, immobilization, lower sensitivity
high-throughput
Non-radioactive
Filtration assay Fluorescence BDZ-R, ER Fluorescent Requires separation, labeling ]
affect affinity, medium
throughput, autofluorescence
interference
FRET Energy transfer MR, GABAa, insulin  Mix-and-read, fluorescent Dual labeling, distance [50,57]
constraints, correct dipole
orientation En, (donor) =Ex
(acceptor), background
FP Light polarization ER, 5H3; 3-OR Mix-and-read, one label, Labeling can change affinity, [10,50]
ratiometric measurement, ease of suitable ligands M/ <5 kDa
automation, facile to miniaturize
FMAT Single cell measurement  NK-1, IL-1, IL-5 Mix-and-read, multiplexing, Requires receptor [66]
mimimal background, immobilization, high assay
miniaturization variation, expensive
instrumentation
AlphaScreefM Energy transfer ER Mix-and-read, time-resolved Donor and acceptor beads, [73]
receptor immobilization
Flow cytometry  Single cell measurement  CytokingsAR Mix-and-read, multiplexing; Immobilization of ligand or [18,75]

sensitive (10-100 pM), minimal
background, high throughput
(1000 particles/s)

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

Ref. =referencey-AR = alpha-adrenergic receptor; IL = interleukin; GRF = growth hormone releasing factor; BDZ-R = benzodiazepine receptor; ER = estrogen rece

tor; M1-R =muscarinic receptor; GABA = gamma-aminobutyric acid; 5-HT = 5-hydroxytryptardi@R = delta-opioid receptor; NK = neurokinifz-AR = beta2-
adrenergic receptor.
2 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 Il
Assay format Principle Receptor{s) Advantages Disadvantages References
FCS Diffusion mediated GABAj, 5HT3a, Molecular level (on living cells), Limited accessibility and [50,85,89]
intensity fluctuations nACh-R, EGF homogeneous, minimial complexity of instrumentation,
background due to confocal stringent optical requirements
optics, real-time kinetics,
time-resolved, miniaturization
(LHTS), assay time <10's
SPR Refractive index B2-AR, rhodopsin, No labeling, sensitive, real-time Receptor or ligand [108]
(mass-dependent) IL-2, NACh-R kinetics; no interference light immobilization, sensitivity
absorption/scattering; automation dependent on molecular weight
of analyte, costs, high protein
density, correct orientation
TIRF Refractive index 5HT3 Real-time kinetics, high Receptor immobilization, [91,116]
(mass-independent) sensitivity, combined with labeling of ligand
microfluidics, surface specificity
Microarray Optical intensity B2AR, neurotensin Multiplexing, real-time kinetics, ~ Labeling ligand or receptor, [101]
changes number of detection principles receptor immobilization
QAC Retention volume Pgp, OR, nACh-R Hyphenation with different Receptor immobilization, [135]

detection principles, re-use of
column, ligand identification
(QAC-MS), multiplexing

receptor denaturation/release,
non-specific binding to the
support, throughput limited by

serial nature chromatography

nACh-R =nicotinic acetylcholine receptor; EGF = epidermal growth factor; Pgp = P-glycoprotein; OR = opioid receptor.
2 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 tyand (be analyte (A) with the receptor (R) of interest, itis
necessary to separate the free fraction from the bound fraction. This can be done by centrifugation, dialysis or filtration. The ligand can bigledzbtedsatopes
(e.g.3H), fluorophores or chemoluminescent probes.

4.1. Radioactive receptor-ligand binding technologies radioactive isotope. The bead contains a scintillant, which emits
light as a result of energy transfer. The bead isarb1.D.
4.1.1. Radioreceptor assay (RRA) polyvinyltoluene microsphere with a polyhydroxy surface coat-

Most conventional receptor—ligand binding assays are heterdrg, which can be easily dispersed in aqueous solution and is
geneous and have been developed using radioactively labelsthble in numerous organic solvents (e.g. DMSO, MeOH up to
ligands for binding to a membrane-bound receptor. The firs20% (v/v))[29]. Immobilization of the receptoris based on either
guantitative radioreceptor assay was developed by Lefkowitz éhe interaction of glycoproteins and glycolipids with wheat
al. [19] based on the same principle as described originally fogerm agglutinin (WGA)[30-33] by capturing anti-receptor
radioimmunoassay&0]. The principle is based on the compet- protein antibodies on an anti-lgG coated surf§&4, via the
itive interaction between a labeled ligand and an analyte for thetreptavidin—biotin interactiof34] or via antibodies directed
same receptor binding site. The principle of these displacementgainst the recept$d4,35]
assays is depicted Fig. 1 Selected examples of radioreceptor The B-particle and Auger electrons, emitted from the
assays are the measurement of benzodiazei#ie®2], neu- radioisotopesH and'??, respectively, travel over a limited dis-
roleptics[23,24]and opioidg25,26] tance in an aqueous environment {s1& [3H], <12um [129]

In choosing the appropriate radioligand for a radioreceptof36]), resulting in detection of8-particles and Auger electrons
assay, several criteria have to be met. First, the radioligandnly if the radioactive ligand is in close proximity to the recep-
should be selective and possess a high affinity for the respetsr, which is immobilized on the scintillant beaf#%29] (see
tive receptor. Second, the radioligand should have a high spéig. 2). The isotopes of interest in the SPA technique ak [
cific activity and moreover it should be radiochemically pure.and %] [29], with a preference fot?°l because of its higher
Furthermore, the radioligand should be chemically stable andpecific activity[36]. The 129 gamma emission path length is
resistant to enzymatic degradation. Finally, the most potentnore than 15 cm, resulting in almost no energy absorption by the
enantiomer of the radioligand is preferred, to avoid interferenceacintillant beads or assay buffer and thus no interferg8ice
and complicate analysis as a consequence of the presence of theThe Flashplates or Scintiplates are based on the same prin-
less active enantiom§27]. ciple, but the scintillant is now coated on the inner surface or

A major advantage of radioligand binding assays is sensiplaced on the entire plastic surface of the wells of a microtiter
tivity, specificity and ease of use. The assay requires only onplate to which the receptor has been immobilized. The mix-
labeling step, which often does not reduce the affinity towardand-read-format makes this scintillation proximity assay easy
the receptor. Many high affinity receptor ligands are commerio automate, which enhances assay reliabjity Nevertheless,
cially available allowing to set-up an assay rather quickly. Theuse of radioactivity remains a disadvantage making this tech-
major drawback of these assays is, however, the use of radioagique also very expensive. Another potential difficulty is the
tivity and the need to separate free from bound ligand, whicleed to immobilize the receptor on a solid surface, where it
make these assays labour-intensive and relatively slow. Moreshould remain stable and maintain its affinity.
over, these assays require that the dissociation of the ligand Scintillation proximity assays have been developed for a
proceeds much slower than the time to perform the separatiaange of receptors including the- and ap-adrenergic recep-
(e.g. filtration) step. tors @-AR) [33,34], the human interleukin-5 (hIL-5) receptor

To overcome the need to separate the free from the bouni®2], the growth hormone releasing factor (GRB)] and the
fraction radioactive homogeneous assays have been developegjdermal growth factor (EGF) recept@5]. Gobel et al[33]

based on scintillation proximity. compared the SPA with a conventional filtration binding assay
for theas-AR and showed that SPA exhibited a reduced number
4.1.2. Scintillation proximity assay (SPA) of counts than the filtration assay, which is due to the central

SPAg[28] are radioactive assays, where the receptor is immolocalization of the energy transfer with only 50%patrticles
bilized on a solid surface (bead) and the ligand is labeled with &ravelling into the SPA bead. Moreover, the assay sensitivity
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[ situation 1 ] [ situation 2 ]

+‘:, ﬂ

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 ligaeadohidie
contains a scintillant. The emission of light only proceeds if the labeled ligatidathd receptor (R) are in close proximity (approximatelyud, 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{.2.1. Heterogeneous non-radioactive receptor assay
This relatively low signal to background ratio requires thus the One of the first receptor assays that made use of fluores-
use of membrane or soluble preparations with a high recepzence was described by McCabe et[@P] for the benzodi-
tor density. Moreover, SPA is rather time-consuming (18 h) inazepine receptor using a fluorescein-labeled ligand. The assay
comparisonto afiltration assay (90 min) because of the time necequired the use of high amounts of labeled ligand and high
essary to reach equilibrium of the receptor-bead interaction anamounts of receptor and had considerable background fluo-
to allow the beads to settle down in the microtiter plate. The latrescence. Takeuchi et 4#0] and Janssen et gl1] tried to
ter is necessary to avoid signals from ligand that is not bound tovercome the use of radioactivity and the presence of back-
the beads and can be accelerated by centrifugation. The relatigeound fluorescence by developing a heterogeneous receptor
long incubation time may also be a problem for rather instablessay combined with reversed-phase high-performance liquid
receptors. chromatography (RP-HPLC) and a fluorescence detector. The
A Scintiplate assay was developed for the recombinapt method by Takeuchi et g40] measured the free fraction with
AR [34] with the advantage over SPA that no bead separatioRP-HPLC directly after centrifugation. This necessitated a large
step was required. The assay sensitivity in the Scintiplate is, dugmount of receptor material in order to reach a level of specific
tothe limited receptor binding capacity, lower as compared to théinding that allowed to measure a significant decrease in the flu-
SPA bead$30], but can be improved by washing and drying the orescence signal. The procedure from Janssernéitequired
plate before measurement. These washing steps eliminate varthe use of a dissociation step of the bound fraction after filtration
tions in counting efficiency as well as quenching, and moreoveto recover the bound fluorescent label from the receptor before
reduce non-specific bindif§4]. measurement with RP-HPLC. Measurement of the bound frac-
The filtration assay being more labor intensive, costly andion instead of the free fraction is favorable with respect to the
with less output of plates per day has made SPA the preferred foprecision of the assay. This assay demonstrated to be as sensitive
mat for high-throughput screening, despite its lower sensitivityand specific as its radioactive counterpart, and did not require
Nevertheless, radioactivity remains to be the major disadvantagarge amounts of label or receptor.
in the use of these assays. This resulted in the still continuing Another way of reducing the significant background signal
development of receptor—ligand binding assays based on flués presented by Takeuchi et §88], who made use of time-

rescence or chemo-/bioluminescence. resolved fluorescence (TRF), by labeling the benzodiazepine
ligand with a europium chelate. After centrifugation, super-
4.2. Non-radioactive receptor-ligand binding technologies natants were transferred to a microtiter plate and the fluorescence

was enhanced and stabilized, before measurement, by addition
Many different strategies have been chosen towards the deveif a fluorescence enhancing ligand.

opment of non-radioactive assays ranging from the development Examples of other heterogeneous non-radioactive receptor
of heterogeneous filtration assays to homogeneous mix-anéssays are based on the use of enzyme-labels with the criti-
measure assays, such as those based on fluorescence resonaateote that these assays are tedious and time-consuming. The
energy transfer (FRET), fluorescence polarization (FP) and flowassays make use of either a ligand coupled to an enf4#&je
cytometry. Most of these assays require some type of labelingr measure receptor-ligand binding based on enzyme activ-
to measure the ligand-receptor binding. It is thus pivotal to findty via an indirect routg43-47] An example of the latter is
labeling conditions that do not interfere with the molecular inter-described by Mahonégy4] for the platelet-derived growth fac-
action. In the case of a non-radioactively labeled ligand, théor receptor (PDGF-R). In this heterogeneous assay, the amount
ligand should demonstrate similar binding characteristics (e.gof biotinylated ligand bound to the receptor, which is immobi-
receptor specificity, affinity) and similar orimproved sensitivity lized on a microtiter plate, was determined through addition of
as its radioactive analdg8]. neutravidin-HRP. The excess of neutravidin-HRP was removed
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> 10 nm

[ situation 1 ] [ situation 2 ]

Fig. 3. Fluorescence resonance energy transfer (FRET) is based on the transfer of excitation from a donor to an acceptor molecule without @imi¢siowbéa
both come into close proximity (approximately 10 nm), as shown in situation 2. The efficiency of FRET depends on the inverse sixth power of thetistance b
donor and acceptor. In this case, the receptor (R) is labeled via a fluorescent antibbdyo@eptor) and the ligand is labeled with a fluorophore @onor). If long
lifetime lanthanide chelates are used as donors, interfering background fluorescence can be largely reduced by performing a time-resolvedtifleRItiRE ).

by washing and absorbance was measured after addition of subance energy transfer between a Bodipy-labeled benzodiazepine

strate. ligand (Bodipy-FL Ro-1986 (didesethylflurazepam)) and intrin-
sically fluorescent tryptophan residues of the receptor protein
4.2.2. Fluorescence resonance energy transfer (FRET) [52].

Most of the mix-and-measure assays make use of the princi- The problem with interferences from background fluores-
ple of fluorescence resonance energy transfer (FREfStEr cence can be solved by using donor molecules with a long
[48]), which is based on energy transfer between donor anéxcited state lifetime like lanthanide chelates, as already men-
acceptor molecules that need to be in close proximity (segoned before. Time-resolved fluorescence resonance energy
Fig. 3). As an example, a Cy-labeled antibody directed againstransfer (TR-FRET) has been described by Stenroos et al.
the receptor may serve as the acceptor molecule, while tHéd9] for the determination of the binding properties of the
donor is a europium labeled ligand. Upon exitation of thehuman cytokine interleukin-2 towards the recombinant human
donor, energy is transferred via dipole—dipole interaction tanterleukin-2 receptoa-subunit. The interleukin-2 receptor is
the acceptor molecule, without the emission of a photon. Théwvolved in growth and differentiation of B- and T-cells, and is
acceptor emits light provided that the ligand is bound to thea single pass transmembrane protein. The receptor was labeled
receptor—antibody compldg®9]. For this assay format to work, Vvia a Cy5-labeled specific monoclonal antibody and the ligand
it is critical that the antibody does not block the ligand-bindingwith a europium chelate. TR-FRET assays are sensitive, can be
site. miniaturized and display reduced autofluorescence, but there is

A distance smaller than 10nm and an overlapping absorpa limited choice of donor/acceptor pairs. Moreover, due to steric
tion spectrum of the acceptor with the emission spectrum of théindrance, it is more complex to label donor and/or acceptor
donor are essential for efficient energy transfer. Next to strict diswithout interfering with binding itself.
tance constrain{d.0,50], the utility of this technique to measure ~ The luminescent variant of FRET where energy transfer
receptor—ligand interactions in a homogeneous assay format @&curs between a luminescent donor and a fluorescent acceptor
limited by the requirement of labeling both the donor and accepis called bioluminescence resonance energy transfer (BRET).
tor molecule. The enzymatic oxidation of a substrate results in the emission

An example of the use of fluorescence resonance energyf energy from the donor, which means that no excitation light is
transfer is the determination of the ligand-receptor bindingheeded in contrast to FRET. Besides, the enzyme reaction does
properties between the EGFP (enhanced green fluorescemot produce a background signal and the assay is therefore more
protein)-labeled human M1 muscarinic receptor aR) and  sensitive than FRE]53].
the Bodipy-labeled antagonist pirenzep[&]. This homoge- BRET has been mainly used in protein—protein interaction
nous assay was used to identify new muscarinic ligands, buesearch for example in studying tBe-adrenergig-arrestin
additionally proved to be well suited to examine the bindinginteraction[54] and the determination of insulin receptor activ-
pocket of the receptor. In the latter case, EGFP was fused to ttity [55,56] where the latter is governed by a conformational
N-terminus of the human M1-muscarinic receptor via a linker ofchange in the-subunits of the receptor, bringing them into
variable length that did not alter its binding properties. The studylose proximity. Because of the fact that there is no require-
showed that the shorter the distance between the EGFP domairent of a light source, the instrumentation for BRET assays is
and the hM1 receptor, the higher the efficiency of energy transfesimpler and cheapgb7], which makes these assays very valu-
between the Bodipy-labeled antagonist pirenzepine and EGFRble in high-throughput screening. Nevertheless, because of the
This means that the binding pocket is deeply buried within thdarge fluorescent and bioluminescent probes, it is necessary to
transmembrane core of the protein. In another example, the bingdonsider which label to choose, how to label the ligand and/or
ing and structural properties of segments of the ligand-gated ioreceptor (with or without spacer), and to assess the effect of
channel GABA\ receptoin;-subunit were determined via reso- labeling on the binding properties.
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Fig. 4. Fluorescence polarization measures the change in polarization of light emitted from a fluorescent labeled)igardo@nsequence 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 tatiapidftie ligand
(situation 1). Upon binding of the fluorescent ligand to a high-molecular weight receptor (R), the rotational speed decreases and the emétysdpligtialty
polarized (situation 2).

4.2.3. Fluorescence polarization (FP) ponents to maintain a specific signal window because of the
Another fluorescence based platform, which can be easilyatiometric measurement of the polarization sid6al. More-
adapted to high-throughput screening, is based on fluorescenoeer, evaporation had little effect on the signal or stability of the
polarization or fluorescence anisotropy. Both terms are usesignal over time, as demonstrated by Kowski et{@B]. This
synonymously to describe molecular interactions in solutiormeans that fluorescence polarization is better suited to assay
[58,59] This technique measures the change in rotational speadiniaturization, and therefore a reduction in reagent costs, than
ofaligand during its excited lifetime upon binding to its receptor.fluorescence and scintillation proximity assays.
The fluorescent labeled ligand is excited by polarized light and The FP technology has been applied to, e.g. the soluble estro-
polarization of the emitted light is determined. The emitted lightgen receptof63], the G-protein coupled delta-opioid receptor
is largely depolarized in the presence of a small and thereforgs4] and the ligand-gated ion channel serotonin 3édceptor
rapidly rotating ligand, while rotational speed and thus depolar{64,65]
ization are significantly reduced when the ligand is bound to a
protein, for example, a receptor. Thus, polarization of the exci4.2.4. Fluorometric microvolume assay technology (FMAT)
tation light, the lifetime of the excited state and the mobility of ~ Fluorometric microvolume assay technology or microvolume
the fluorophore all determine the degree of polarization of théluorometry (MVF) makes use of a scanner that measures multi-
emitted fluorescence. The principle of fluorescence polarizatiowell plates. In this mix-and-measure assay, the peptide or small
is schematically demonstratedHing. 4. molecule ligand is labeled with a fluorophore and the receptor
The advantage over the above mentioned resonance energlyould be either expressed on cells or immobilized on beads.
transfer techniques is the requirement of just one labeling stefthe FMAT scans a 1 mfnarea at the bottom of the multi-
Moreover, FP is a very simple technology, which requires onlywell plate (either 96-, 384- or 864-well with a clear bottom and
a filter fluorometer with two polarizing filters. Two intensity black sidewalls), where the generated images indicate the size
measurements are performed with the filters parallgldnd  and amount of bound fluorescence. The capillary based scanner
perpendicularf) to each other. The difference between the twouses as an excitation source a Helium—Neon (He—Ne) red laser
values divided by their sum represents the degree of polarizatioEy = 633 nm) and makes simultaneous detection of two inde-
Due to this ratio, FP can correct for fluctuations in lamp intensitypendent red dye emissions, e.g. Cy5 and Cy5.5, possible via
or quenching of fluorescen¢&Q]. two photomultiplier tubes with bandpass filters for the respec-
The FP technique displays a number of disadvantages, likéve labels (multiplexing). Multiplexing minimizes reagent con-
the lack of precision at low nanomolar concentrations. As forsumption and increases the throughji].
all other technologies, the sensitivity of FP is dependent on the Mellentin-Michelotti et al.[66] demonstrated the use of
affinity of the ligand, the quantity of the receptor and the inten-FMAT in the determination of neuro-peptide (e.g. substance P)
sity of the fluorophore. To achieve the required precision forbinding to the G-protein coupled NK1 receptor on live cells. The
a successful FP assay, the receptor concentration should beraix-and-measure format is achieved by discriminating between
least 1 pmol/mg protein and the ligand affinity must be belowcell-associated and free fluorescence during data processing,
5nM, as stated by Gagne et #80]. Besides, FP is limited to where cell-associated fluorescence is detected as localized areas
low molecular weight ligands (<5 kDa), if fluorophores are usedof concentrated fluorescence at the bottom of the well. To avoid
with short excited lifetimes. This limit can be extended by usinginterference from autofluorescence of the cells, long wavelength
fluorophores with longer lifetimegd.0,17,60—62] emitting red dyes are used, which results in a very sensitive assay.
The efficiency of FP has been considerably increased (HEFP), Martens et al[67] described a receptor-ligand assay for the
due to technological advances such as confocal optical desigh-1 and IL-5 receptor, where the receptor is immobilized on
and the use of high-intensity continuous Xe arc lamps, with posa bead or expressed on the surface of a cell, and the local-
sibilities to perform assays in as little agubvolumes, instead ized fluorescence intensity is measured after incubation with
of the conventional 40-1Q0l. Despite these small volumes, it the fluorescent ligand. Another possibility is to perform the
is not necessary to increase the concentrations of assay commssay in solution with addition of antibody-beads to capture
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PerkinElmer Inc., 2003). An example of a receptor—ligand bind-
ing assay, which made use of the AlphaScfé&methodology,
was described for the ERreceptor by Rouleau et 4I73].

2 < 200 nm

Acceptor bead) () E,, = 520-620 nm 4.2.6. Flow cytometry

Flow cytometry[74] sequentially sorts and counts single
microscopic particles, either cells or beads suspended in a
Fig. 5. Schematic representation of the AlphaSct¥emeasuring principle. stream of fluid, based on optical signals, such as fluores-

Upon excitation at 680 nm, ambient oxygen is converted to singlet oxy@si ( . .
by a photosensitizer present in the donor beads (phthalocyanine). If the accept%?nce' Bead-based flow cytometric assays make use of cell-sized

bead is in close proximity (<200 nm), the singlet oxygen transfers its energy t¢?0lystyrene/latex or dextran microspheres with diameters in
thioxene derivatives present in the acceptor bead leading to emission of lighthe wm-range. The beads can be either filled with two fluo-
at 520-620 nm. Proximity is in this case established through the interaction ofpphores of varying concentrations and wavelengths (Lurﬁ%nex
a receptor (R) immobilized on a donor bead with its antibody-captured “gan%pproach[18]) or can be different in siz&5], which allows for
(Ab-L) present on the acceptor bead. multiplexing. In the Lumine® approach, two lasers are used
to identify the bead and quantify the fluorescence associated
the receptor following incubation with the fluorescent ligand. yith the immobilized interacting partner. Each bead set is there-
Multiplexing can be achieved by immobilization of the recep-fgre unigue to the analyte being measuikg]. Flow cytometry
tor on beads of different sizes, since the analytical software i?equires that one of the interacting partners is immobilized on
capable of discriminating fluorescence coming from beads ofhe head and the other is provided with a fluorescent tag, in order
different diameters. A 96-well plate is scanned within 4 min antkg measure and quantify the receptor-ligand binding. The vol-
a 864-well plate within 30 min. Laser-scanning imaging is anyme thatis iluminated by the laser is in the picoliter (pL)-range,
analogous technique to FMAT, which can also be used for mulghich reduces the background noise, resulting from light scat-

tiplexing to measure ligand-receptor interacti{6ts]. ter, fluorescence impurities or free probe. The ratio of specific
signal to background together with the number of binding sites
4.2.5. AlphaScreen™ per particle and the affinity of the fluorescent probe for these

Adifferentformat of ahomogeneous bead-based assay, callaites determine the sensitivity of flow cytomefRg,77]
AlphaScreefM (Amplified Luminescence Proximity Homoge-  An interesting example of this technology was shown by
neous Assay69]) makes use of singlet oxygeh@p, half-life ~ Simons et al[78], who solubilized theB,-adrenergic receptor
4 u.s) production on donor beads, and a chemiluminescent reaend demonstrated an agonist-induced conformational change,
tion on the acceptor beads as depicted-ig. 5 This assay which allowed the receptor to bind to its cognate G-protein.
allows to probe interactions over longer distances than FREFlow cytometry was used to discriminate between agonist and
and BRET, up to 200nm, due to the fact that singlet oxygerantagonist binding using the solubilizgg-adrenergic receptor
travels farther in solution before it falls back to the ground statefused to green fluorescent proteipoAR-GFP). The antago-
Both donor and acceptor beads are coated with a layer of hydrarist dihydroalprenolol (DHA) was immobilized on activated
gel, which can subsequently be derivatized with a variety okulfhydryl dextran beads while the hexahistidine-tagged G
capturing molecules such as streptavidin for biotinylated recepprotein (GxsB1y2) was adsorbed on dextran beads bearing
tors. Next to the possibility to provide a functionalized surface chelating Nf* ions. As soon as the DHA-bead interacts with
the hydrogel reduces non-specific binding and self-aggregatiop,AR-GFP in the sample, the bead became fluorescent. Addi-
of the beads. Upon excitation of the donor beads at 680 nm, thi#gon of agonist or antagonist decreased the fluorescent signal
photosensitizer phthalocyanine, present within the donor beaddue to competition for binding. Addition @>,AR-GFP to the
converts ambient oxygen to singlet oxygen molecules, whiclGs-protein-beads together with an agonist resulted in the fluo-
results in a very high signal amplification. These singlet oxygemescence of the &protein-beads, whereas no fluorescence was
molecules go undetected, if there are no acceptor beads presefiserved in the case of addition@fAR-GFP together with an
within a range of 200 nm. antagonistfig. 6).

However, if the donor beads, containing the receptor, come Multiplexing of this procedure is possible, as described both
into close proximity with a high affinity ligand immobilized by Simons et al[78] and by Waller et al[75]. In the latter case,
on acceptor beads, energy transfers from the singlet oxygethe assay makes use of large DHA-beads«8¥9 and small G-
molecules to a thioxene derivative thereby generating chemprotein-beads (1@m), which are discriminated based on the
luminescence within the acceptor beads. A fluorophore presedifference in light scattering (séég. 6). If an agonist s present,
in the same acceptor bead is excited by the energy emitted by thieis will result in decreased fluorescence at the DHA-beads, but
chemiluminescent molecule and the emitted light is measured iimcreased fluorescence at the @otein-beads. If an antagonist
a time-resolved manner as a consequence of long lifetime fluas present, this will result in decreased fluorescence at the DHA-
rescence. The beads used in the AlphaSc¢Mare~250nm  beads, but also no fluorescence at thep@tein-beads. Thus,
in diameter, which is much smaller than the beads used in SPdecreased fluorescence at the DHA-beads is shown if either an
and FMAT, which are 2—1Am and 6—2Qum, respectively. This agonist or antagonist is present as a result of competition with
is advantageous to avoid clogging in liquid handling devicedDHA for the receptor protein. Increased fluorescence at the G
[70-73](“A Practical Guide to Working with AlphaScreé, protein-beads is only demonstrated if full or partial agonists
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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 (ls-graf Gifferent sizes

are discriminated based on different light scattering. If an agonist is presénsif@ation 1), this will result in a decreased fluorescence at the ligand-bead and an
increased fluorescence at the G-protein-bead. If an antagonijtigAresent (situation 2), this will result in a decreased fluorescence at the ligand-bead, and no
fluorescence at the G-protein-bead. The receptdyi@fused to, e.g. enhanced green fluorescent protein (see text).

are presented. The receptor is hamely not able to bind to theolecules measured with single-photon detectors. Via autocor-
Gs-protein-beads spontaneously or in the presence of an antagglation analysis of the fluctuations in the obtained signal, it is
onist[75]. Simons et al[78] demonstrated the same results, butpossible to determine the number and brightness of molecules
made use of Texas-REY colored G-protein beads and blank and their characteristic diffusion time, which is related to the size
DHA-beads. Despite these promising results in studying ternargnd shape of the molecul§2]. The experimental set-up for
complex formation by flow cytometric analysis, it remains dif- FCS and its fundamental principles have been described and the
ficult to set-up such assays for screening purposes, especiallgader is referred to these publications for de{8ils81,83—85]
due to the necessity of the immobilized G-protein to be orientedy measuring the average correlation time of the fluorescent
correctly for recognition. labeled ligand in solution, it is possible to discriminate between
Summarizing, flow cytometry is an interesting alternativefree and bound labeled ligand. Binding to the receptor results in
to the above mentioned assay formats, since it can measugaechange in mass and thus in a reduced rate of diffusion, which
and quantify molecular interactions in a sensitive and specifiin turn leads to an increased average time spent in the irradiated
manner, combined with high throughput of samples, multiplexvolume, resulting in multiple photons being emitted from the
ing and the possibility to perform kinetic analyses, in a non-labeled ligand/complex within a given time. As these photons
separating homogeneous assay forfii@]. Moreover, it has are emitted from the same labeled ligand/complex moving by
been shown that flow cytometric analysis can be integrated iBrownian motion in the volume, they are correlated intime. The
a miniaturized assay format (microfluidid$)d]. While estab- average correlation time is thus a measure of the fraction of lig-
lished assays are as such cost effective, initial set-up of an assagd that is bound to the receptor and will be at its maximum if
is time-consuming and thus rather expendil®], due to the the fluorescent labeled ligand saturates the receptoFi{ge®.
requirement of immobilization and fluorescent labeling of the Receptor-ligand interactions have been monitored by FCS
interacting partners. An overview of bead-based assays, like tHer the GABAa receptof86], the nicotinic acetylcholine recep-
non-radioactive AlphaScre&, flow cytometry and FMAT is  tor (nACh-R; [87]), the 5-HTza receptor[88] and the single
given by Mezg70]. transmembrane EGF recepi@®2]. An example of the appli-
cation of FCS is the study of biomolecular interactions of the
4.2.7. Fluorescence correlation spectroscopy (FCS) GABA receptor with the ligand muscimol labeled with Alexa

Fluorescence correlation spectroscopy is a technology thg[?:AZB('z/lu-Alexa)[Si]. To thlshgnd, neuronal cells clontaémng the
determines receptor—ligand binding in a homogeneous fashioﬁ i A_Ir_(ka‘cepft-f(.)r. ron; rat |pp0|c?murs1 were culture OQ Cglv'
by measuring intensity fluctuations as a result of differences iff'>!PS- The affinity of muscimol for the receptor was hardly

diffusion rate of individual dye-labeled ligands free in solution'nﬂ'fIenced by labeling with Alexa 5_32 as determined _by a
or bound to a high-molecular weight receptor. Since fluctuar@dioreceptor assay. The FCS detection element was calibrated

tions of the fluorescent signal are governed by the number ardf! the basis_, of a defined conc_entration of Rhodamine (_Rho) 6G
guantum yield of the fluorescent molecules, it is necessary t80rrespon(j|ng to the spggtral Ilne(514nm) ofthe_argon lon Igser.
reduce the irradiated volume such that individual moleculeézrom the diffusion coefiicient of Rhodamine 6G, it was possible

can be measured. This is achieved by using diffraction-limited® determine all diffusion coefficients via E() [88]
laser beams and confocal detection optics, in combination with TRho

pinholes in the image plane, generating observation volume&x =
in the order of femtoliters m3) [80,81] Laser systems in

FCS are based on Helium—Neon (He—Ne)-, Argon (Ar)- andvhereD is the diffusion coefficientry is the correlation timey
Argon—Krypton (Ar—Kr)-lasers with excitation wavelengths is the ligand to be measured.

(He—Ne) of 543 nm and 633 nmgy (Ar) of 488 and 514 nm In order to determine the binding paramet&gsand Bmax,

and rex (Ar—Kr) of 568 and 647 nm. The tiny volumes, in the cells were incubated with 3Q0 droplets of labeled musci-
which the few diffusing fluorophores with concentrations in themol in increasing concentrations. Background fluorescence of
nanomolar range are excited allow to follow the motion of singleendogenous cell components was taken into account as artefact

x DRho (6)

X



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

/ Situation 1 \ / Situation 2 \ / Situation 3 \

low diffusion

Detection volume Detection volume Detection volume

Correlation G (1)

Correlation G (1)
Correlation G (1)

7 (ms) / \ t(ms)/ K t(ms)/

Fig. 7. Principle of fluorescence correlation spectroscopy: in situation 1, only free labeled liggnsl fkesent, which results in a low average correlation time
(r1) as a consequence of rapidly diffusing molecules. At a 1:1 free ligand to ligand—receptor complexgi{iition 2), there is an increase in mass resulting in a
decreased diffusion rate and thereby an increased averaged correlatiorpdimesching a maximunx§) as the labeled ligand saturates the receptor (situation 3).

/

in the determination of the ligand—receptor binding constantsespecially crucial in order to withstand the enormous power of
The correlation time for freely diffusing Mu-Alexa in solution the laser focused on a tiny volume. FCS can also detect the
was determined in independent experiments and kept constaimteraction of ligands with rapid binding kinetics. This is an
during all fitting procedures. Upon addition of increasing con-advantage over filtration assays, which are only possible if the
centrations Mu-Alexa to the GABAreceptor on the slide, the dissociation half-time of the receptor—ligand complex is signif-
diffusion time constantd) increased eventually reaching a max- icantly longer than the time required for the separation process
imum as a consequence of saturation of Mu-Alexa binding to th¢86]. Moreover, FCS is especially suitable for high-throughput
GABA receptor on the neuronal cells. The specificity of bind-screening where it combines assay times on the order of seconds
ing was demonstrated by competitive displacement with a 1000wxith nanoliter sample volumes.
fold excess of muscimol hydrobromid&g]. It should be noted
that it is crucial to keep the neuronal cells healthy during FCS4.2.8. Receptor-based biosensors (chip-based assays)
analysis. Non-living cells lack the fluidity of the lipid bilayer  All biosensor technologies, such as surface plasmon reso-
resulting inimmobility of the ligand—receptor complexes. Buffer nance (SPR) and total internal reflection fluorescence (TIRF)
composition and pH are therefore important parameters duringequire the immobilization of either the receptor or the ligand
the binding experiments. Moreover, it is necessary to properlyn a surface. Several surfaces have been used, such as metalox-
position the focus of the laser beam on the membrane surface aitk, glass, quartz and gold surfaces. Immobilization of receptor
not to let the cells move on the coverslide during FCS-analysiproteins on a solid support has often proven to be difficult
[89]. The binding constants obtained using FCS were comparatue to the loss of functional integrity, especially for membrane
ble to those found in the classical radioreceptor assay. As thisroteins that consist of several subunits with transmembrane
assay was performed on living cells, it was not only possible tagpanning domainf91]. Receptors can be covalently attached
study receptor-ligand binding properties, but also the mobilitypy chemical cross-linking or non-covalently deposited on the
of the receptor-ligand complexes in the cell membrane resulsurface. Covalentimmobilization may lead to irreversible struc-
ing, for example, from interaction with the cytoskeleton. Fortural alterations and moreover gives rise to random orientation
more details, the reader is referred to the article by Meissnesfthe proteins on the surfaf@?]. Non-covalentimmobilization
and Haberlein[86]. of the receptor can be achieved via adsorption, via incorpora-
The possibility to study receptor—ligand interactions at thetion in lipid bilayers, via an affinity tag, such as hexahistidine or
molecular level on a living cell is one advantage of FCS ifbiotin or via antibody capturing. Crucial parameters to consider
compared to traditional receptor assays, which make use @fre the receptor’s structural integrity and the orientation of the
cell membrane preparations or solubilized and reconstituteteceptor protein so that the ligand can be bound without steric
receptors. Extracting a receptor from its natural membrane enviestrictiond93—-95] In addition to the requirement of unchanged
ronment can, however, lead to structural alterations resulting ineceptor affinity and specificity, the receptor should not denature
altered ligand affinities. Another advantage of FCS is that therer be released from its support during analysis and the support
is no need to immobilize a ligand or receptor as in the casahould demonstrate limited non-specific ligand binding. More-
of biosensors (see next section) or bead-based assays. Howxer, immobilization of the receptor protein onto a solid support
ever, as for all fluorescence-based techniques, the ligand hasitoa slow, tedious process that needs to be optimized for every
be covalently labeled with a fluorophore and this labeling mayrecepto96].
affect the ligand’s affinity towards the receptor. Moreover, the For transmembrane receptor proteins to be successfully
fluorescent labeled ligand should be water soluble, have a higlmmobilized onto a solid support, the presence of their natural
guantum yield and a good photostabil[86,90] The latter is  environment, the lipid bilayer, is often required. Direct immobi-



L.A.A. de Jong et al. / J. Chromatogr. B 829 (2005) 1-25 13

lization of the lipid bilayer onto the surface and the subsequenproteins onto a support is, however, a difficult task as outlined
reconstitution of the receptor protein in the immobilized mem-above and constitutes the major obstacle of applying microarrays
brane often results in low receptor densities and thus a podbp receptor binding assays. Accurate application of many differ-
signal, as a result of denaturation of the receptor on the surfacent proteins onto a solid surface, using, e.g. jet or contact printing
Different approaches towards integrating a correctly orientedh a high-throughput fashion, remains difficult as protein activity
and structurally integer transmembrane receptor into a lipicand stability depends on the used surfdé€2,103] Moreover,
bilayer have been described. The addition of thiolipids (e.g. PEas miniaturization results in problems of evaporation and thereby
SH) that consist of a hydrophilic polyethylelene glycol spacerdenaturation and inactivation of proteins, it is important to add
gives rise to a hydrophilic layer between membrane and thaumidifier during preparation of the arrays, their storage and
chip surface, which was shown to favor maintenance of recepshipment and during analysis. The problem of evaporation can
tor’s functional integrity{93,97] Another approach to spatially be reduced by using matrix slides (prepared by photolithogra-
separate the lipid membrane from the glass (quartz) surface ghy) or nanowells instead of glass slides. These chip formats
the chip makes use of a hydrophilic polymeric cushion (hydro-are, however, more expensive than glass slj#ies].
gel), such as polyethylene imine (PEI) or dextran. The hydrogel A microarray format for a GPCR, the human neurotensin
creates additional space for the protruding loop domains of theeceptor (subtype 1) was described by Fang ¢1@ll,104] The
transmembrane protein, thereby maintaining receptor functiormembrane-associated neurotensin receptor was spotteg-onto
ality [98]. However, the incorporation of receptor protein into aaminopropylsilane-coated slides and each array was incubated
lipid bilayer results in random orientation of the receptor. More-with the fluorescent labeled ligand with or without a competitive
over, the use of lipid bilayers limits the access to one surfacégand. After careful removal of the solutions with a pipette tip
of the receptor. Capturing methods with immobilized affinity attached to a vacuum pump, the slides were washed and after
tags or antibodies give rise to more evenly oriented receptor sudrying imaged in a fluorescence scanner. In an analogous man-
faces also facilitating research towards agonist-induced interacer, theBs-, B2-, and apa-adrenergic receptor subtypes were
tions between immobilized receptor and G-proteins. Capturingpotted on a microscope slide and incubated with a fluorescent
a receptor on a surface via affinity tags normally requires thag-selective antagonist. By addition of competitive ligands with
the receptor is genetically engineered and produced in reconknown selectivities towards thg&; - or B2-adrenergic receptor,
binant form (see Sectidb). In addition, the receptor should be fluorescence intensities were differentially decreased, demon-
purified and remain stable in a functional form upon capturingstrating the possibility of multiplexing using this GPCR microar-
via an affinity tag or antibod{99]. Some of the immobilization ray[101].
technologies are presentedHiy. 8.

An important chip-based approach to be mentioned herg.2.8.1. Surface plasmon resonance (SPR). Surface plasmon
are the microarrays, which consist of grids that contain smaltesonancg¢105,106]is a method that allows to follow molec-
amounts of receptor proteins in high dendit¥)0]. Microar-  ular interactions without the need for labeling. SPR measures
rays form a suitable platform for the simultaneous determinatiohanges in refractive index and thus in resonance angle at which
of ligand binding towards multiple receptdf01]. A range of  polarized lightis reflected from a surface, whichis in turn related
detection principles can be adapted to microarrays but fluorese a change in mass or layer thickn§s87,108] Thus, if polar-
cence is most widely used. Performing many assays in paralléed light strikes a gold layer at the interface between media
is relevant for high-throughput screening during drug discovenyof different refractive indices (e.g. glass and buffer) at a fixed
and can result in significant savings in reagents as comparegavelength and above a critical angle (total internal reflection),
to microtiter plate assays. Immobilization of integral membranehe photons are absorbed into surface plasmons (electron den-
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Fig. 8. Immobilization strategies for the analysis of biomolecular interactions of membrane receptors with their ligands via receptor-hasad bRseation 1:
the lipid membranes are tethered to the surface via thiolipids; situation 2: a lipid bilayer is adsorbed on a spongy matrix, formed by a hydragsitpalyone3:
BSA-biotin is deposited on a gold or glass surface to immobilize a biotinylated 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 intezetsigrpadioilized

on a modified gold surface and the other flows over the surface of the sensor chip allowing interaction (association) with the immobilized makegiles. Th
rise to an increase in mass, and thereby a change in refractive index and the angle of reflecteg-light £ 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 thegheftecitsd li
original position (position 1). In the described case, the ligand (L) is immobilized and the receptor (R) flows over the sensor surface, but toafipuaaion is
feasible.

sity waves) resulting in resonance and no reflection of light. Ifthe IL-2-receptofl13]andthe nACh-R93]. Forexample, inthe
the refractive index changes at one side of the surface as a corase of thg»-AR [110], BSA-biotin was deposited on the gold
sequence of immobilization of the receptor or the ligand, thesurface, which absorbed spontaneously and was stable during
resonance angle is changed and the intensity of the reflectdniffer washes. The available biotin on the surface was subse-
light is increased. quently treated with streptavidin or avidin to create a surface

The surface plasmon resonance device consists of a sengbiat would in turn have a strong affinity for biotinylated ligands
chip, a flow cell, a light source, a prism and a detector that ior receptors Kg=1fM). The B2-AR containing a FLAG pep-
positioned at a fixed angl&ig. 9. The sensor surface consists tide fusion at its N-terminus was immobilized via a biotinylated
of a thin gold layer £50 nm) fixed onto a glass surface with anti-FLAG M1-antibody in a calcium-dependent manner. By
an interaction layer of, e.g. carboxymethyl-dextfd68,109] immobilization of the3>-AR at its N-terminus, the cytosolic C-
or BSA-biotin [110]. The carboxylic acid group on this layer terminus will be oriented away from the surface, which makes
can be activated to immobilize either the receptor or the ligandhe ligand-binding sites uniformly accessible.
covalently. Alternatively, affinity capturing methods via biotin,  The application of surface plasmon resonance to measure
antibodies or fusion tags can be applied, which opens the posaembrane receptor—ligand interactions has been described in
sibility of regenerating the chip surface, but have the potentiatletail for the nicotinic acetylcholine receptor. Receptor—ligand
disadvantage that the immobilized molecules might be “bleedbinding properties were determined using immobilized nACh-
ing” off the surface[94,95] Other immobilization techniques R in tethered membranes. For immobilization, the receptor had
with respect to membrane receptor proteins have been appli¢d be reconstituted in thiolipid containing liposomes. These thi-
by tethering lipid bilayers via thiolipids or polymeric hydro- olipids contain a hydrophilic polyethylene glycol spacer and a
gel cushions, as discussed above. As surface plasmon resonateeninal thiol moiety in the lipid headgroup, which allows the
is dependent on changes in mass, it is advantageous to attagitayerto be anchored to the gold surface with a hydrophilic layer
the molecule with the lowest molecular weight to the surfacebetween bilayer and surface. Binding affinities of the agonist car-
and measure binding of the higher molecular weight partnethamoylcholine (carbachol) and the antagomidiungarotoxin
Nevertheless, due to possible difficulties of immobilizing low were measured in the presence of an antibody that competes
molecular weight ligands (e.g. loss in binding affinity), it might with the ligands for receptor binding. Due to the low molecular
be necessary to attach the high-molecular weight receptor to threass of the ligands, it was necessary to use such an antibody to
surface and work with a smaller sigia08]. The latter approach measure a significant change in signal intensity. Another possi-
has the benefit of requiring less receffdrl], but has animpor-  bility to circumvent the small difference in signal was to label
tant limitation in that denaturation of the immobilized receptora-bungarotoxin with biotin and enhance the signal by addition
may occur upon repeated use. of streptavidin93].

Several receptors have been immobilized onto sensor sur- The sensitivity of the assay may be increased by immobilizing
faces, amongst which ti.2-AR [110,112] rhodopsir{97,109]  theligand on the sensor surface thereby generating a large signal
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due to binding of the high-molecular mass receptor as describefi2.8.3. Chip-based mass spectrometry. Chip-based mass
by Kroger et al[114]for the nicotinic acetylcholine receptor. In  spectrometry combines the use of adsorptive surfaces (e.g. ion
this approach, the biotinylated antagonisbungarotoxin was exchange, reversed-phase, receptor, antibody) to purify and
immobilized onto a streptavidin coated gold surface and thenrich analytes of interest from biological materials with mass-
receptor was solubilized or reconstituted in liposomes in ordespectrometric analysid17-119] If the sample is applied on
to suppress non-specific binding. The liposomes were stericallg chip with immobilized receptors, ligands with affinity for the
stabilized by introducing poly(ethyleneglycol)-lipids in order to receptor are retained and thereby concentrated in a small vol-
prevent binding between the liposomes and the surface or prasme after a washing procedure with appropriate buffers. In the
teins. The receptor preparation was preincubated with definechse of matrix assisted laser desorption ionization time-of-flight
amounts of ligand, e.g. carbachol and subsequently injected ontoass spectrometry (MALDI-TOF-MS), a matrix solution is sub-
the biosensor. A high concentration of carbachol added to theequently added to permit ionization. In most cases, a pulsed
receptor suspension gives rise to a small increase in the SRRV-laser (N>; A =337 nm) irradiates the sample resulting in des-
response because of low receptor binding to the surface aratption/ionizationto form gas-phase ions. lons are discriminated
vice versg114]. based on their mass-to-charge/q) ratio measured in a time-
The main advantage of SPR is thus the monitoring of molecef-flight (TOF) mass analyzer after acceleration in a defined
ular interactions in real time without the use of labels. The majoelectric field[118]. The advantage of this technique lies in the
limitation is that one of the binding partners needs to be immoability to measure multiple ligands in one sample (multiplexing)
bilized. as long as they differ sufficiently im/z and to obtain spectra
from numerous samples within a short time requiring little sam-
4.2.8.2. Total internal reflection fluorescence (TIRF). This  ple preparation and no chromatographic separation. Application
technique is based on the binding of a fluorescent-labeled liganof the generally acidic matrix and the use of the UV-laser will,
to an immobilized receptor on a sensor surface. The detectidmowever, likely irreversibly denature the immobilized receptors
principle corresponds to surface plasmon resonance, but the sign the surface, which limits the re-use of the chip.
nal is not dependent on the mass of the ligand, but makes use A quantitative immunoassay based on chip-MS has been
of the sensitivity of fluorescence. In this case, the fluorescerghown by Nelson et aJ120] for myotoxina and Mojave toxin
molecules that are present near the surface (wittlidO nm) are  from the venom of rattlesnake. To serve as internal standard
excited by the electron density waves (plasmons) resulting frorfor quantification, myotoxirz was chemically modified to H-
polarized light that undergoes total internal reflectance abovenyotoxina by converting lysine to homoarginine for discrim-
the critical angld91,115] The different attachment procedures ination by the mass spectrometer. The antibodies against both
and the difficulties related to the immobilization of membrane-toxins were immobilized on protein-A beads. The toxins were

bound proteins are similar to those described for SPR. extracted using this affinity resin and subsequently eluted on a
Schmid et al[91,116]immobilized the purified histidine- mass spectrometer target plate.
tagged serotonin receptor (5BFR) via a nickel(ll) nitrilotri- To determine interaction in terms of binding constants com-

acetic acid (Ni-NTA) chelating group on a microscope slide ancbined with compound identification requires, however, the need
investigated the binding of the fluorescent ligand (GR119566Xt0 couple the mass spectrometer to, for example, surface plas-
fluorescein) with high sensitivity in a mass-independent mannemon resonanc§l21-123]or frontal affinity chromatography
and in real time with direct discrimination between bound andsee Sectiod.2.9.). In SPR-MS, SPR was used to monitor the
unbound ligands. Since only those fluorescent ligands that at@omolecular interaction and the species retained on the chip
near the surface and thus bound to the receptor are excited were subsequently analyzed by MALDI-TOF-MS.

the electron density waves, the signal is not affected by flu-

orescent ligands in the bulk buffer solution. The amount of.2.9. Other techniques

receptor recovered from the surface by specific elution withimi<4.2.9.1. Quantitative affinity chromatography (QAC). Quanti-
dazole was quantified using a radioreceptor assay indicating rtative affinity chromatography can be used as a tool for the
loss in affinity. The pharmacological properties of agonists anan-line determination of affinities using receptors immobilized
antagonists towards the receptor were studied by mixing then chromatographic matrices. Receptors, either in membranes,
competing ligands at various concentrations with the fluoressolubilized in mixed micelles or reconstituted in liposomes, have
cent tracer ligand before measuring binding to the immobilizedeen immobilized on several solid-phase matrices, for example
receptor with TIRF. The obtained results correlated with theon immobilized artificial membrane (IAM) beads or by steric
affinities determined for the native membrane-bound receptoentrapmentin the pore structures of gels (e.g. Sup&teads).

by radioreceptor assay. The amount of receptor immobilized o®ther possibilities to immaobilize receptors are based on the use
the surface 454 moleculegim?) was large enough to mea- of chromatographic supports that are covered with capturing
sure receptor—ligand interactions. The surface should not baolecules such as affinity tags and antibodies.

overloaded with receptor in order to avoid steric hindrance and The IAM surfaces consist of either phosphatidylcholine (PC),
mass-transport limited binding. TIRF can be combined withphosphatidylethanolamine (PE), phosphatidylserine (PS), phos-
microfluidics resulting in a sensitive high-throughput assay fophatidylglycerol (PG) or phosphatidic acid (PA). Both PC and
the measurement of binding constants, with minimal receptoPE are zwitterionic, whereas PS, PG and PA are negatively
and reagent consumption. charged. Single chain phospholipids (PLs) were immobilized
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N*(CHa)a 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 Supé&dmads (average
diameter 34um). The matrix of Superd&x consists of a net-
OA(\O/ \o work of agarose and dextran, which makes it more hydrophilic

than the IAM beads. The mechanism, as proposed by Lundgvist
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 SuperdéX beads, it is important to keep
in mind, that the pore size of the beads is large enough to let the
0=C 0=
%

proteoliposomes or membrane vesicles pass and small enough
to keep them trapped in the beads after fusion.
C\ 0=GC These receptor-based stationary phases are subsequently
NH NH \NH 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-
phy can also be combined with other detection techniques, like
mass spectrometift35] or fluorescence, where the former has
the additional advantage of identifying unknown ligands without
o the requirement of a label. The limitation of hyphenating affin-
silica surface ity chromatography with MS lies in the selection of buffers,
which should consist of volatile salts, and should be usually
Fig. 10. Immobilized affinity membrane (IAM) chromatographic surface dis- Of IOW ionic strength. Moreover, as ligands are simultaneously
playing single chain phosphatidylcholine (PC) immobilized on silica propyl- detected, it is crucial to avoid ion-suppression, if the ligands
amine beads. The IAM beads have been “endcapped” with both decangjc (C co-elute[96]. Overall, the advantages of affinity chromatogra-
and propionic (@) acid anhydrides to block residual surface amines. phy lie in multiple ligand screening and the repeated use of the
column (dependent on receptor stability and carry-over) as well
on silica propylamine beads with the advantage that bindings in the possibility to enrich ligands. Affinity chromatography
of neighboring PLs is not sterically hindered by the conforma-+equires immobilization of the receptor protein with all its possi-
tional freedom of the non-bonded acyl chain. This givesrise to able difficulties and caveats as already discussed in Se¢th8
increased density of immobilized PLs on the beads as present&tibreover, the slow and serial nature of chromatography limits
in Fig. 10 PLs containing a polar headgroup (e.g. PG) have beethroughput.
derivatized with protecting groups to eliminate intermolecular QAC can be used intwo different modes, the zonal and frontal
bonding and to orient the immobilized phospholipid with its mode. Overall retention on the column is caused by specific
headgroup away from the silica surface. To decrease non-specifitteraction with the immobilized receptor and non-specific inter-
binding and to make the surfaces more stable over a broad p&ttions with the stationary phase itself, like the lipid bilayer and
range (pH 2-7.5), the IAM beads have been “endcapped” witlother membrane proteifi$36]. During zonal chromatography,
both decanoic (&) and proprionic (@) acid symmetric anhy- the ligand is applied to a column in a narrow band. As a result,
drides to block residual surface amines. Finally, the protectinghe ligand will be diluted, resulting in the need for sensitive
groups on the polar headgroups of the PLs were removed unddetection methods, especially for high affinity ligands that are
acidic conditions to form the 1AM surfadé24,125] strongly retained on the column. The zonal mode can be used
IAM beads (12.m particles; 30 nm pore diameter) have beenfor screening of ligands that interact with a receptor, but is not
used to determine binding constants towards, e.g. the nAChRseful for the quantitative determination of binding constants,
[126,127] the n.- andk-opioid receptof128], the -AR [129]  due to the unknown ligand concentration in the column.
and the Pgp transport¢t30]. Prior to reconstitution of the In contrast to the zonal mode, a continuous stream of mobile
receptor on the phospholipid containing beads, the receptor waghase containing a defined concentration of ligand runs through
solubilized using a suitable detergent. This detergent shoulthe column during frontal chromatography. Initially all of the
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applied ligand will interact with the receptor until all of the in an additional signal corresponding to the FK506-FKBP com-
receptor binding sites are occupied and breakthrough occurplex. Increased addition of FK506 did not give rise to increased
A plateau will be reached when a steady state between ligelative intensities, which indicated saturation of the receptor.
and and receptor has been established in the coldramn]. For this methodology to work and to give quantitative data, it
Applying the ligand in the frontal mode provides quantitativeis important that the receptor—ligand complex is not dissociated
information about its affinity to the immobilized receptor and during the generation of gas-phase ions from solution. This may
the amount of active binding sites in the column by linear or nonbe achieved by modifying the ion source (higher pressure in the
linear regression analysis of the breakthrough cuji8,137] interface) and by choosing buffer conditions that allow both sta-
During frontal analysis, the affinity of the labeled ligand is deter-bility of the receptor—ligand complex and successful ionization.
mined by varying its concentration or that of its competing These rather restrictive conditions do not allow to measure every
non-labeled equivalent in the mobile phase. The elution volreceptor—ligand interaction directly by electrospray ionization
ume (V) reflects the sum of specifid’{yed and non-specific mass spectrometry. Notably membrane-bound receptors are dif-
(Vmin) binding sites of the labeled ligarffd37]. To determine ficult to maintain in solution without surfactants that interfere
the association constamtsr, Kar and the number of binding with the ionization process. These issues need to be considered
sites R by frontal chromatographic analysis, Eg¥and(8)can  in the determination of binding constants.
be used133]: A more widely applicable strategy to achieve reliable binding
data is the separation of the unbound from the bound frac-
1 1 1 : . . e
= + x [L] ) tion by size-exclusion chromatography or pulsed ultrafiltration.
V= Vmin  Vmin X [R] x Kir * Viin % [R] Annis et al.[138] described a multidimensional chromatogra-
Vis the elution volume of [L];Vmin is the non-specific elution phy mass spectrometry method for the muscarinic M2 recep-
volume of [L]; [R] is the receptor concentratioki;g is the asso-  tor. Atropine was used as the ligand and was incubated to
ciation constant receptor—ligand; [L] is the ligand concentration.equilibrium with the muscarinic M2 receptor. The sample was
subsequently subjected to a rapid (<20s) SEC stage thereby

1 — 1+[L x Kir separating the receptor-ligand complex from the unbound lig-
Vmax— Vi~ Vmin X [R] x KIR and. The receptor-ligand complex was subsequently captured
(1+[L] x KLR)? 1 on a r_evers.ed—phase chromatographyTMS system. The ligand
Vinin % [R] % KLr % KaR X Al (8)  was dissociated from the complex at high temperaturé ¢§0
and acidic (pH < 2) conditions.
Vmax is the total elution volume of [L]V; is the elution vol- In the case of PUF-MS[142,143] the receptor and
ume [L] in the presence of [AKar is the association constant receptor-ligand complex were trapped in a chamber fitted with a
analyte-receptor; [A] is the analyte concentration. molecular weight cut-off ultrafiltration membrane. Low molec-

When (V — Vimin) "% is plotted against [L] andWmax— Vi)™*  ular weight ligands passed through the membrane and eluted
is plotted against [A]%, linear plots are obtained. From the from the chamber. The receptor and the receptor—ligand com-
slopes and the intercepts binding constants can be calculatgslex were subsequently captured on a HPLC column and the
The inverse of the calculated association constants gives theceptor—ligand complex was destabilized with an organic sol-
dissociation constantsk{) for the interaction of ligand and vent or due to a pH change. In both SEC-MS as PUF-MS, the
analytes with the receptor in questifi83]. A high concentra-  eluted desalted ligands were analyzed using mass spectrometry.
tion of active binding sites (R/bed volume) together with a high
VspedVmin ratio increases the precision of the determination ol4.2.9.3. On-line liquid chromatography with biochemical
these binding constanfs37]. detection. Another way to hyphenate techniques in order to

separate and to determine the biological activity of ligands can
4.2.9.2. Affinity selection mass spectrometry. The identifica- be achieved by on-line reversed-phase liquid chromatography
tion of ligands with affinity for a receptor can be achieved by(RP-LC) coupled to a biochemical detection system, e.g. recep-
combining mass spectrometry with SPR or QAC, as alreadyor affinity detection (RAD), as described by Oosterkamp et al.
mentioned. These strategies require, however, the immobiliz§146]. The RAD system consists of open-tubular reaction coils,
tion of one of the binding partners. Other affinity selectionwhere the fluorescent ligand is mixed with the receptor and a
mass spectrometry-based strategies measure the ligand aftempeting analyte. In the heterogeneous set-up of the RAD sys-
size-exclusion chromatography (SEC-§1S88-141) or pulsed tem (seeFig. 11), it is necessary to separate free from bound
ultrafiltration (PUF-MS142,143) or make use of the possibil- ligand, in contrast to the homogeneous set-up, where the change
ity to directly inject the receptor-ligand complgd4,145] of fluorescence properties (quenching/enhancement) upon bind-

Direct injection of the receptor-ligand complex on the massng of the fluorescent ligand to the receptor is measured directly.
spectrometer has been applied to the cytoplasmic receptor FKBPespite the fact that the homogeneous set-up is easier, it dis-
(FK506 binding protein144]). The soft electrospray ioniza- plays lower sensitivity resulting from background fluorescence
tion mass spectrometry (ESI-MS) technique was used to forrof the receptor preparation and is not generally applicable for
gas-phase ions of the receptor and receptor-ligand compleal fluorescent labels.
directly from solution without fragmentation. Addition of a  Separation in the heterogeneous set-up is done using a short
slight excess of FK506 (Tacrolimus) at pH 7.5 to FKBP resultedcolumn of restricted-access material (RAWMA7]) 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 fio@) the HP
interacts with the receptor (R). The labeled ligant)@ubsequently 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 deteciorogetioeis

set-up, the RAM column is omitted.

Cig-bonded silica on the internal pore surface so that separatiaraction coil[146]. Nevertheless, due to the continuous-flow
is based on mass difference between free and bound label asdt-up of this technique, reaction times can be set to 1-2 min,
hydrophobicity of the free label. The use of a RAM column isinstead of an average of 1-2 h in microtiter plate assays and some
limited to soluble receptors to avoid clogging in the columnreceptors have been shown to survive such shortincubationtimes
and to small ligandsM,, <10kDa) that can enter the pores under mildly denaturing conditiorj$46,151] Moreover, split-
and are retained due to hydrophobic interactions. Moreovetjng the flow post-column provides the means for a combined
breakthrough of the fluorescent labeled ligand after a numbeanalysis of ligands via RAD (biochemical analysis) and other
of analyses complicates detection and requires frequent regedetection systems, for example mass spectrometry (chemical
eration of the RAM column, especially if organic modifiers areanalysis).
present during the on-line coupling of reversed-phase LC to the
RAD system[146,148] The use of a hollow fiber consisting of 4.2.9.4. Microfluidics  (lab-on-a-chip). Miniaturization of
a cut-off membrane allows to continuously separate bound fromassay formats has long been a driving force for new technical
free ligand based purely on size without the need for frequenfievelopments. Miniaturization reduces reagent consumption
regeneratiorfl48]. and often allows to reduce assay times significantly. However,
The assay principle has been demonstrated for the solperforming miniaturized assays in microtiter plates increases
ble estrogen recept§i46] and the soluble urokinase receptor the demands on liquid handling equipment (dispensing, mixing)
[149], but not for integral membrane receptors. The techniquend evaporation control significantly often rendering the assays
uses either fluorescent labeled ligafit¥6,150]or fluorescent less robust. Furthermore, not all assay formats are amenable
labeled proteing151]. The use of a labeled protein requires to miniaturization, as sensitivity decreases in, for example, the
the immobilization of a competing ligand on an affinity col- scintillation proximity assay.
umn of sufficient capacity to trap the excess of labeled protein Microscale total analysis systemslAS) provide a versatile,
[151]. novel analysis platform that integrates sample handling, mixing,
The response in a continuous-flow RAD system is influence@deparation and detection in a single microfluidics device, where
by dispersion in the reaction coil(s) (reaction time), the concenenly submicroliter reagent volumes are required. Moreover, sev-
tration of both the receptor and the labeled ligand, the affinityeral analyses can be done in parallel reaction channels. The
of both the labeled ligand and the analyte and the stability ofeagents are pumped through capillaries or channels via elec-
the receptor-ligand complex. Increasing the reaction time by &oosmosis or via pressure driven flow. Detection is most often
delayed addition of the labeled ligand results in better sensidone based on fluorescence but coupling to mass spectrometry
tivities and an increase in the receptor concentration gives riskas also been describftb2,153] Chemiluminescence, on the
to linearization of the calibration curves due to the interactiorother hand, is one of the most promising detection technolo-
reaching its steady state. Adding a higher concentration of labejies for microfluidic systems due to high sensitivities 19
results in an increase of the absolute signal from the receptote 10-2mol) and no requirement of an external light source
labeled ligand complex, but also to an increase in backgrounf54].
noise, if the homogeneous set-up is ufEsD]. A major prob- Buranda et al.[155] demonstrated biomolecular recog-
lem in on-line coupling of the LC system with RAD lies in the nition in microfluidic channels, where fluorescently labeled
fact that organic solvents used in the LC runs can denature thsiomolecules of interest were attached to streptavidin-coated
receptor at prolonged reaction times and thereby decrease theads. In this case, qguenching was directly monitored by pump-
total number of binding sites. This counteracts the increased foing fluorescent labeled M1 anti-FLAG monoclonal antibod-
mation of analyte-receptor and labeled ligand—receptor compleies through the microcolumn consisting of fluorescent FLAG
during longer incubation times, as discussed above and requirgeptide bearing beads. A microfluidics enzyme immunoassay
careful optimization of the final modifier concentration in the was described by Yakovleva et 4ll54]. The silica surface
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of the microchip was modified by attachment of protein A or5. The use of recombinant receptor proteins
G via a hydrophilic polymer, such as dextran. The detection
was based on chemiluminescence using horseradish peroxidaseReceptor assays rely on the availability of well controlled and
(HRP) mediated oxidation of luminol. The HRP labeled anti-reproducible sources of receptor protein. One widely available
gen competed with the analyte for the antibody binding sitesource is animal tissue. However, the presence of other phar-
off-line with subsequent trapping of the formed immunocom-macologically similar receptors and the fact that non-human
plexes on the protein A (or protein G) chip in the microfluidics receptors may show different binding profiles than their human
device. The amount of bound labeled antigen was determinetbunterparts are potential drawbacks. It is also exceedingly dif-
by injection of luminol/RHO,/p-iodophenol. The applicability of  ficult to purify appreciable quantities of receptors from animal
the immunosensor was demonstrated for the pesticide atrazingssue, which makes the development of well-defined assay con-
The full potential of microfluidics has yet to be realized, espe-ditions tedious or even impossible.
cially in the quantitative analysis of receptor—ligand interactions. The limitations of receptor preparations from natural sources
has driven the development of heterologous expression systems
4.2.9.5. Nuclear magnetic resonance spectroscopy (NMR). for human receptors both soluble and membrane-bound. This
NMR spectroscopy is widely used in elucidating the structure ohas greatly facilitated research on single human receptor sub-
chemically synthesized compounds and biomolecules. Next ttypes. Despite much progress in the expression and purification
this main application, there are NMR techniques that allow thedof recombinant receptors, there is no universal host that provides
study of molecular interactions at the atomic level. Despite thdiigh expression levels, homogenous receptors and expression of
fact that NMR is being more and more used in understandinghe receptor in its functional form, which testifies to the individ-
receptor—ligand interactions including, e.g. competitive bindinguality of receptorg158].
and allosteric effects that are otherwise difficult to st[ih6], it Expression systems can be roughly divided into prokaryotic
is fair to say that this technology has limitations due to its poorand eukaryotic host organisms, including insect and mammalian
sensitivity and low throughput. It is beyond the scope of thiscells, each of which demonstrate advantages and disadvantages
review to go into detail concerning the different experimentalas shown irrable 4and reviewed by several auth¢i$8-162]
approaches in NMR spectroscopy and the reader is referred fidhe advantages and disadvantages focus mainly on the expres-
literature reviews by Lepre et gi157] and Meyer and Peters sion of membrane-bound receptor proteins, as expression of

[156] for further information. soluble proteins has generally proven to be easier. This is due to
Table 4
Advantages, disadvantages and expression levels for heterologous expression of human membrane-bound receptors in prokaryotic and eokgapigim$os
Expression system Host organism Advantages Disadvantages Expression levels
Bacteria Escherichia coli Low costs No post-translation modifications 0.2-16 pmol/mg
Bacillus subtilis Protein homogeneity No endogenous G-proteins
Rapid growth (generation time Incorrect protein folding and
20 min) membrane insertion
Ease of plasmid construction Different membrane lipid
composition
Yeast Saccharomyces cerevisiae Rapid growth (generation time 2 h) Cell lysis on large-scale difficult 0.13-115 pmol/mg
Schizosaccharomyces pombe Simple media due to strength of cell wall
Pichia pastoris Scale-up (fermentation) Low cholesterol content
High cell densities Low number of endogenous
Post-translational modification G-proteins
Baculovirus/insect cells  Spodoptera frugiperda (Sf9) Post-translational modifications Slow growth (generation time 0.15-80 pmol/mg
Trichoplusia ni (High five) Correct protein folding and 24h)
membrane protein insertion Complex culture
Endogenous G-proteins media/expensive

Relative ease to obtain large amounts Protein heterogeneity
Low abundance of cholesterol
Limited number of endogenous

G-proteins
Mammalian cells CHO-cells Perform complex post-translational Difficult to scale-up 0.23-200 pmol/mg
HEK-293-cells modifications Complex culture
COS-7-cells Endogenous G-proteins media/expensive
Comparable membrane lipid Slow growth (generation time
composition >24h)
Correct protein folding and Protein heterogeneity

membrane protein insertion

CHO = Chinese hamster ovary; HEK =human embryonic kidney; COS = African monkey cells.
The range of expression levels were obtained from the review by Sarramegnd é1hbn heterologous expression of GPCRs.



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

alack of knowledge concerning membrane protein insertion and Heterologous expression of receptors in mammalian cells
folding in comparison to folding of soluble proteins. Moreover, is the most appropriate approach if functional studies are to
it should be noted that high expression levels are only reportede performed, due to the close resemblance with the mem-
for a few receptors, such as tReadrenergic receptor ifiac- brane environment receptors naturally occur in. Mammalian
charomyces cerevisiae (115 pmol/mg[163]) and in CHO cells  cells can perform complex post-translational modifications, con-
(200 pmol/mg[164]). As described by Grisshammer and Tatetain numerous endogenous G-proteins and have comparable
[159], expression levels are dependent on the number of transaembrane lipid compositions. However, as in the case of insect
membrane regions and the requirement for post-translationaklls, growth of mammalian cells is time-consuming, difficult to
modifications necessary for receptor activity. Moreover, in thescale up and requires expensive and complex culture media.
case of GPCRs, the presence of high and low affinity binding Expression of receptor proteins in heterologous hosts opens
sites can give rise to altered functional expression levels, due the possibility of engineering the receptor protein, for exam-
the fact that antagonists label both affinity sites, where agonistsle, by fusing affinity tags to the protein, which can be used
label only the high affinity site. for detection, purification and oriented immobilization. Most
Expression in a prokaryotic host, such Bsherichia coli, of the affinity tags are fused to the C-terminus of the recep-
allows the production of large amounts of biomass. Neverior protein, but depending on the specific application (detection,
theless, the production of functional human receptor is ofteimmobilization, purification), the affinity tag can also be fused at
limited by the bacteria’s inability to perform post-translational the N-terminal or at both termini. Affinity tags greatly facilitate
modifications, like glycosylation, and incorrect protein fold- purification of proteins and thus functional and structural stud-
ing. Especially functional G-protein coupled receptors cannotes as well as the development of receptor binding assays. The
be expressed itk. coli, due to the lack of endogeneous G- fusion tags comprise polyhistidine-metal ion, antibody—antigen
proteins, which are required for high affinity agonist bindingand biotin—streptavidin recognition elements. Especially the
[165]. biotin—streptavidin interaction provides a good basis for robust
The use of yeasts, lik8. cerevisiae or Pichia pastoris, as  and efficient immobilization of proteins on a solid surface as
expression hosts is a good alternative between the expressidemonstrated for th@,-adrenergic receptor in SPR applica-
in bacteria E. coli) and mammalian cells. This lower eukary- tions. An overview of the commonly used affinity fusion systems
ote is able to glycosylate proteins, while still growing rapidly is provided by Nilson et a[169].
to high cell densities on simple media. It has to be noted, Enhanced green fluorescent protein (EGFP) can be fused
however, that glycosylation in yeast is not the same as it the N-terminus of the receptor, thereby creating a reporter
higher eukaryotes like mammalian cells in culture, which mayof receptor expression, as demonstrated by Sarramegna et al.
affect functionality of the receptor. The use of protease-deficienfl 70] for the humanp.-opioid receptor (HUMOR) expressed
strains and targeted expression to the plasma membrane (eig.P. pastoris. EGFP was used to quantify HUMOR expression
via the N-terminal yeast-STE2 gend163]) overcomes some levels, whereas saturation ligand binding experiments with the
of the difficulties of expressing GPCRs in yeasts. Still alteredantagonistiH]-diprenorphine quantified the level of functional
binding properties are often observed due to the low choles:eceptor. While antagonist binding reached up to 1 pmol/mg
terol content in the yeast plasma membrane, the low numbearotein, EGFP fluorescence demonstrated expression levels of
of endogenous G-proteins and differences in post-translationdlé pmol/mg total protein. In this elegant manner, it was shown
modificationg166,167] Co-expression of Gproteins in both  that only about 6% of the expressed receptor was functional.
E. coli [165] andSS. cerevisiae [163] resulted in high affinity Inchoosing the mostappropriate host for a given receptor pro-
agonist binding and G-protein coupling, respectively, indicattein one has to consider yield, functionality, post-translational
ing that further engineering of these expression hosts holdsiodifications and the possibilities for scale [i52]. From
promise for the expression of a wider range of membranea pharmacological point of view, insect and mammalian cells
receptors. provide the most successful host organism in relation to recep-
Baculovirus-infected insect cells (eSpodoptera frugiperda  tor activity. However, for structural studies by NMR or X-ray
(Sf9)) express the majority of membrane-bound receptors in arystallography, where much larger amounts are needed, it is
functional form. However, ligand—receptor binding propertiesimportant to have high levels of homogenous protein expres-
might be altered due to the low cholesterol concentration in theion, which favor. coli and yeast over insect and mammalian
membrane and the limited number of endogenous G-proteinsells[158].
The latter becomes especially important at high expression levels
[168]. The doubling time of insect cells is long (24 h) if com- 6. The quantitative use of receptor assays in biological
pared to bacteria and yeast and expression requires complexatrices
media, which makes production rather expensive. Moreover,
expression at very high levels gives rise to protein heterogeneity Next to the role of receptor binding assays in drug discov-
as a consequence of incomplete glycosylation and the presenegy and the elucidation of structure—activity relationships, they
of inactive protein. The latter can be judged from the discrepare also applicable to the quantitative determination of receptor
ancy between the amount of protein (e.g. judged by SDS—PAGHEinding ligands in complex biological sampl@27]. Quantifi-
with Coomassie staining) and the amount of ligand bindingcation of biological levels using a receptor assay provides an
[158,159] overall concentration of all analytes that affect binding, which
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is likely better correlated to the pharmacological effect of a drugn suicidal patients, who took a large dose of benzodiazepines at
or drug metabolite than the concentration of individual ligandsonce. Due to high benzodiazepine concentrations, no correlation
measured with chromatographic or mass-spectrometric methvas demonstrated between the benzodiazepine concentration in
ods or the concentration of all analyte-related ligands usinglasma and the severity of memory impairment. Nevertheless,
immunoassays. Most ligand-binding receptor assays applieithe data suggested that loss of memory already occurred at low
to quantitative bioanalysis, are based on classical radiorecepencentrations of benzodiazepines, where sedative effects man-
tor assay formats requiring separation of free from boundfested at higher benzodiazepine concentrat[@ii$,178]
ligand. A direct radioreceptor assay for the determination of mor-

In the development of quantitative receptor assays for biophine and its active metabolites, mainly M6G, was developed
analysis of drugs and their metabolites, a few basic factors neeahd used to measure the opioid activity in serum of neonates.
to be consideref®,27]. First, the incubation medium should be Morphine is used as an analgesic in neonates to relieve pain and
closely related to the human physiological condition if mean-o prevent stress during painful and invasive procedures. Mor-
ingful quantification of total biological activity is the goal. The phine causes, however, serious side effects, mainly through its
effect of incubation time, temperature, pH and ionic strength oractive metabolite M6G. The radioreceptor assay proved useful
the affinity of the ligand for its receptor and on receptor sta-as a screening tool in the assessment of opiate activity in serum
bility need to be assessed. Especially the presence of sodiuaf neonates treated with morphifler7].
can be detrimental for agonist binding affinity in some recep-
tors [171-173] The second aspect is the choice of a suitablé/. Summary
receptor preparation. Animal tissue can be obtained with rela-
tive ease at low costs; however, due to receptor heterogeneity, This review gives an overview of various assay technologies
low expression levels and non-human pharmacology, an increaand applications for the measurement of receptor—ligand interac-
ing trend towards the use of recombinant receptors is seen, #&iens. The measuring principles, advantages and disadvantages
already discussed above. The ligand that is used in the bindingf the different assay technologies are discussed and highlighted
assay, either radioactively or non-radioactively labeled, is a thirdn some practical examples. Over the past years, a shift from
factor to consider. In quantitative receptor assays, the labele@dioactive to fluorescence-based detection of receptor—ligand
ligand should bind reversibly with high affinity to the recep- interactions has been observed, with emphasis on the mix-and-
tor of interest and non-specific binding should be minimal. Theread assays. Moreover, mix-and-read assays with the ability to
Kg should be less than 10 nM to prevent loss of binding duringminiaturize and multiplex have emerged, as they are of great
separation of bound from free ligand, due to a fast dissociatiomterest in high-throughput screening (HTS) in order to reduce
rate. If the ligand, on the other hand, displays a dissociatiomeagent consumption and costs. A major drawback of the current
constant of less than 10 pM, it will be difficult to achieve equi- detection technologies is the need to label and/orimmobilize one
librium in a reasonable time, due the slow dissociation rateor both of the interacting partners, with the possibility of altered
Moreover, the ligand should be chemically stable and resistariinding characteristics and specificity. It is therefore difficult to
to enzymatic degradation. It is preferred to choose the modtave a universal non-radioactive mix-and-read assay format for
potent enantiomer to set-up a bioanalytical receptor assay. Fail receptors currently known, which makes the classic radiore-
a radioligand, it is advisable to choose one with high specificeptor assay still the method of choice in drug screening. Genetic
activity and purity. A fluorescent ligand should have an excita-engineering of receptors and their expression in heterologous
tion wavelength larger than 450 nm to avoid interference fromhosts open new possibilities for labeling and immobilization,
autofluorescence from the matrix, a high fluorescence intensityhich facilitate the development and implementation of mix-
in agueous media and be photostable (see also Se@tion  and-read assays in routine HTS.
more details).

A receptor assay can be performed directly in the matrix ifNomenclature
the concentration of the drug is high enough and the biologi-
cal matrix does not interfere with the determination. Otherwise,

it is required to perform adequate sample pretreatment stepsAR
to eliminate matrix interferences and to enrich the analyte o-AR
interest. Quantitative receptor binding assays need to be vals-OR
dated according to guidelines, as for example outlined in the
Washington Conference Report on Analytical Method Valida-t
tion[174,175]to demonstrate its performance and the reliability w. TAS
of the analytical results, especially if the methods shall be use8-HT
in hospitals or clinical chemistry laboratories. A
Quantitative receptor assays have been used to determine
plasma levels of benzodiazepifj@g6]and serum levels of mor- A~
phine and its active metabolite, mainly morphine-6-glucuronideAb
(M6G) [177]. To correlate loss of memory with the benzodi- Abs
azepine concentration, plasma concentrations were determinédpha

a-adrenergic receptor

B-adrenergic receptor

d-opioid receptor

molar extinction coefficient

correlation time/diffusion time constant
micro total analysis system
5-hydroxytryptamine

analyte

agonist

antagonist

antibody

absorbance

amplified luminescence proximity homogeneous assay
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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/iem €mission wavelength

ER estrogen receptor

ESI electrospray ionization

Ex/hex exitation wavelength

FCS  fluorescence correlation spectroscopy
FMAT fluorometric microvolume assay technology
FP fluorescence polarization

FRET fluorescence resonance energy transfer
FT freeze-thawing

GABAA gamma-aminobutyric acid

GFP  green fluorescent protein

GLUT1 glucose transporter

GPCR G-protein coupled receptor

GRF  growth hormone releasing factor

GTP  guanine triphosphate

HEFP high efficient fluorescence polarization
HEK  human embryonic kidney

He—Ne Helium—Neon

hIL-5 human interleukin-5

hM1-R human muscarinic-1 receptor

HRP  horseradish peroxidase

HTS  high-throughput screening

HUMOR human mu-opioid receptor

I.D. internal diameter

IAM  immobilized artificial membranes

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(ll) 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

QY guantum yield

R receptor

RAD  receptor affinity detection

RAM restricted-access material

Rho rhodamine

Ro0-1986 didesethylflurazepam

RP-HPLC reversed-phase high-performance liquid chromatog-
raphy

RRA  radioreceptor assay

SAR  structure—activity relationship

SE succinimidyl ester

SEC  size-exclusion chromatography

Sf9 Spodoptera frugiperda

SPA scintillation proximity assay

SPR surface plasmon resonance

SUsS suction upon swelling

TIRF total internal reflection fluorescence

TMB tetramethylbenzidine

ICso concentration inhibitor displacing 50% bound labeledTOF  time of flight

ligand
Ip parallel intensity
Is perpendicular intensity
k1 association rate constant

k_q dissociation rate constant
Kar association constant A-R

Ky dissociation constant

K; affinity constant

Kir association constant L-R
L labeled ligand

LC liquid chromatography
L'R labeled ligand—receptor complex

TRF  time-resolved fluorescence
TR-FRET time-resolved fluorescence resonance energy trans-

fer
uv ultraviolet
1% elution volume of L
Vi elution volume L in the presence of A

Vmax  total elution volume of L

Vmin non-specific elution volume L
Vspec  Specific elution volume of L
WGA wheat germ agglutinin

X the ligand to be measured
Xe xenon
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