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ABSTRACT. The functional analysis of transmembrane receptor proteins is frequently hampered by the
difficulty to produce sufficiently homogeneous receptor preparations that preserve the physiological
biomembrane integration of the receptor protein. To improve the receptor protein density in the lipid
bilayer and to maintain the physiological lipighrotein environment, a novel method has been established
that enables the selective integration of transmembrane receptors into a virus-like particle (VLiP). Here
we have studied the binding of tetramethylrhodamine-labeled endothelin-1 (TMR-ET-1) to VLiP-integrated
endothelin A receptor (EAR) by fluorescence fluctuation spectroscopy. The concentration of TMR-ET-1
was determined by fluorescence correlation spectroscopy (FCS). These measurements also confirmed
that the free ligand is monomeric in solution in our experiments. Fluorescence intensity distribution analysis
(FIDA) was used to quantify the fraction of ligands bound tosR¥ in the VLIiPs. For the interaction
between ET-1 and VLiP-integrated ERs,Kp values of 0.5 nM and 0.3 nM were determined from ligand

and receptor titration experiments, respectively. For comparison, a FIDA analysis was also carried out
with ETaARs in membrane fragments derived from amnRToverexpressing mammalian cell line, which
yielded a similarKp of 0.2 nM. In addition, we examined the binding competition of a set of reference
compounds to VLIP-EARs in the presence of ET-1 and obtair§dvalues similar to those reported in

the literature. Our results demonstrate that integration into VLiPs does not change the binding properties
of the ETaRs. FIDA analysis of VLiP-integrated receptors shows great promise for highly miniaturized
and fast compound testing in the pharmaceutical industry.

Approximately 45% of all known pharmaceutical drugs receptor of interest. However, the analysis may be compro-
are directed against transmembrane receptbysldrgely mised by high background levels of other membrane proteins
G-protein coupled receptors (GPCR&conomically, these  that are expressed endogenously by the transfected host cell.
7-transmembrane receptors are thus the most important clasalternatively, the respective receptor may be purified from
of therapeutic target?), and it is of particular interest to  overexpressing cells or tissue. This biochemical purification,
find novel agonists and antagonists for the vast number of however, typically requires the exchange of the physiological
GPCRs, in combination with a preferably homogeneous lipid/lipid —protein environment by a detergent micelle,
optical assay. which may modify the binding properties of the receptor. In

Binding studies with transmembrane receptors can bean ideal receptor preparation format, a high enrichment of
performed in a number of systems and environments. Ligandthe receptor of interest would be combined with the
interactions can be investigated directly on the cell surface receptor’s integration into its natural lipid/lipiebrotein
or in membrane fragments from cells overexpressing the environment.

 This work was supported by the University of Ulm, Deutsche With this aim in mind, a novel insect-cell-based co-

Forschungsgemeinschaft (GRK 328 and SFB569), and Boehringer EXPression system was des_,igned at Evotec _OAL which is
Ingelheim Pharma GmbH & Co. KG. based on the use of a retroviral budding protein named Gag.

bc;bSﬁRl??fyr"or}gﬁffne_'m'Com' bilayer that is derived from the host cell plasma membrane

§ Evotec OAI. in the budding process3(8). Studies with several retro-
! University of lllinois at Urbana-Champaign. viruses have demonstrated that the Gag poly-protein ex-

U Boehringer Ingelheim Pharma GmbH & Co. : : :
! Abbreviations Used: VLIP, virus-like particle; TMR, tetrameth- pressed in the absence of other viral components is self-

ylrhodamine; ET-1, endothelin 1; &R, endothelin A receptor; GPCR,  Sufficient for particle formation and budding at the cell
G-protein coupled receptor; BSA, bovine serum albumin; CHO cells, surface. Formation of retrovirus-like particles upon expres-

Chinese hamster ovary cells; BHK cells, bal?y hamster kidney cells; gjon of the Gag precursor in insect cells has been demon-
FCS, fluorescence correlation spectroscopy; FIDA, fluorescence in-

tensity distribution analysis; ACF, autocorrelation function; PCH, Strated by several groups3{10). These Gag particles
photon counting histogram; HTS, high-throughput screening. resemble immature lentivirus particles and are efficiently
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the diffusing entity. This allowed us to study association
reactions of VLiPs and membrane fragments, which carry a
large number of receptors, and thus, many binding sites for
fluorescently labeled ligands. The distribution of the numbers
of photons per time bin can be analyzed by using two slightly
different statistical methods, photon counting histogram
' f:nf; :‘n?;?:;}r;"'%g;d with (PCH) analysis, which has been developed by Chen and co-
4 workers (7), and FIDA, introduced by Kask and co-workers
(18). The FIDA technigue has already been applied to
%, membrane receptor assays using membrane fragments de-
% gag (signal) tagged rived from mammalian cells overexpressing the receptor
intracellular  with tag (19-21). In this work, we have used the FIDA technique to
Ele(iIUiRnEc%J:r %?Qt?pagcé%%?%?tﬂgpeg‘;aAV'éZ b;‘gdi?l?sgg%m ?okt]gi?]t determine equilibrium binding constants of tetramethyl-
(violet) ispcoexp?essed in a cellular system v?/ith £ihe GPCFI)? (red: rhodamlng (TMR) labeled ET-1 to VLiP-integrated
extracellular domains, green: transmembrane domains), which@nd ETaR in membrane fragments. We have also measured
carries the complementary peptide tag at the C-terminus. Expressiorthe inhibition constants of three ET-1 competitors.
of a retroviral Gag protein in the host cells results in the Our results indicate that the ERs integrated into VLiPs

accumulation of the Gag protein at the plasma membrane due to . . . . S .
signals present within the N-terminal portion of the Gag protein. exhibit essentially identical binding properties as\E$ that

High concentrations of this protein at the plasma membrane induce @r€ integrated into membrane fragments derived from mam-
a budding process, by which the VLiPs are released into the malian cells. VLiP-integrated GPCRs are particularly well

extracellular medium where they can be harvested. The incorpora-suited for FIDA applications in drug screening (e.g., search
tion of the respective target GPCR within the envelope of the VLiPs ¢, competitive agonists and antagonists), using a highly

is the result of a strong specific interaction of the peptide tag . . turized f £ with | trati  bi t
covalently attached to the C-terminus of the Gag protein with the MiN1aturized format with low concentrations or bioreagents.

complementary, specific peptide tag attached to the C-terminus of SUCh an assay regimen is of utmost interest and importance
the GPCR. for the pharmaceutical industry, which is constantly searching
for assay approaches applicable to the vast number of
assembled and released by budding from the insect cellreceptors being discovered by numerous functional genomics
plasma membrane. programs.
Evotec OAIl has established a method that selectively
incorporates transmembrane proteins (e.g., GPCRs) intoEXPERIMENTAL PROCEDURES

virus-like particles (VLIiPs). For this purpose, the transmem- . . .
brane protein of interest (the “target molecule”) is co-  Microscope.A 514-nm light from an argon/krypton ion

expressed in insect cells together with the Gag protein from !aser (model 164, Spectra-Physics, Mountain View, CA) was
Moloney murine leukemia virus, which leads to viral particle focused on the sample by using a dichroic mirror (Q525LP,
formation and budding at the cell surface. The target AHF, TUbingen, Germany) and a water immersion objective
molecule at its cytoplasmic portion and the Gag protein at (WPAPLO 60</1.2W, Olympus, Hamburg, Germany) in an
its C-terminus contain amino acid sequences that enable theiflvertéd microscope (Axiovert 35, Carl Zeiss, tGugen,
interaction (Hunt et al., manuscript in preparation). By virtue G€rmany). The emitted photons were collected through the
of this interaction, the Gag protein recruits the target Sa&me objective, focused on a confocal pinhole 450-
molecule into the budding VLiP. The resulting chimeric diameter), and detected by an avalanche photodiode (SPCM-
VLiPs are released into the extracellular medium (Figure 1). AQR-14, Perkin-Elmer, Vaudreuil, Canada). The observed
By these means, the endothelin A receptor{E); a GPCR spectral ba_nd was limited to yvavelengths between 557 and
that mainly elicits the vasoconstrictive effects of the endo- 807 nm using a band-pass filter (HQ 582/50, AHF) and a
thelin 1 (ET-1) peptide hormonel{, 12), was integrated long pass filter (HQ 700/300, AHF). Movement of the

into VLiPs (13). The chimeric VLiPs constitute a concen- confocal volume through the sample was achieved by
trated source of the BR and thereby show great potential Scanning the sample in a circle of & radius with a

for fluorescence fluctuation spectroscopy techniques, which Velocity of 0.8um/ms using a piezoelectric scanning stage
require very high purity of the samples. Despite the promis- (TTitor 102 Cap, Piezosysteme Jena, Jena, Germany).

ing features of the VLiPs, the important question remains The photodiode output signals were autocorrelated in a
whether integration of the &R into the VLiP affects the  digital correlator (ALV-5000/E, ALV, Langen, Germany),
binding properties of the receptor. To address this question,acquired by using a computer card for single-photon counting
we performed binding studies with TMR-ET-1. Furthermore, (TimeHarp100, Pico-Quant, Berlin) or simply collected as
we compared the VLIP-EJR with receptors integrated in @ function of time using a homemade computer card. The
membrane fragments of mammalian cells, and we also latter card enables data analysis with our own data acquisition
examined some known ligand competitor compounds. software.

For the study of the interaction between TMR-ET-1 and  Materials. Cloned human EAR in VLiPs was produced
VLiP-integrated EER, we employed fluorescence fluctuation at Evotec OAl, Hamburg (Nicholas Hunt, manuscript in
spectroscopy using a confocal microscope. Using FES ( preparation). The supernatant of tBpodoptera frugiperda
16), we determined the diffusion coefficient and the con- (Sf9) cell culture was concentrated and stored in 50 mM
centration of TMR-ET-1 in solution. The statistical analysis Tris/HCI pH 7.4, 1 mM CaGl 0.2% bovine serum albumin
of the brightness of the fluorescence fluctuations yielded (BSA), and 0.1% Nahlat —80 °C. Before use, it was thawed
information about the number of fluorophores attached to on ice and homogenized by ultrasonication in sonication bath

extracellular
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for 1 min, as recommended by the manufacturer, and dilutedwells from Evotec Technologies GmbH (Germany) was used.
with 50 mM Tris/HCI pH 7.4, 1 mM CaGJ 0.2% BSA. After The sample volume was between 6 andl8
centrifugation at 300@for 1 min, the supernatant was used FCS/PCH Measurements and Data Analy3ike micro-
for the binding assay. Cloned human AR produced in scope was aligned and calibrated every day. The calibration
Chinese hamster ovary (CHO) cells was provided as procedure has been described earligR).( The typical
membrane fragments by BioSignal Packard, Maaire confocal volume dimensions ef, = 0.3um andw, = 2.0
Canada. The membrane fragments were stored8t °C um were determined with Rhodamine 6G, a dye with a
in 50 mM Tris/HCI pH 7.4, 10% glycerol, 1% BSA. For the diffusion coefficient of 28Q:m?/s. Autocorrelation functions
binding assay, they were thawed on ice and diluted in 50 (ACFs) were recorded 10 times for 30 s, using a laser power
mM Tris/HCI pH 7.4, 1 mM CaCl 0.2% BSA. of 35 uW. The 10 curves were averaged and fitted with a
The peptide substrate ET-1, consisting of 21 amino acids, three-dimensional Gaussian mod&#{16). Thereby, each
was labeled with 5-carboxy TMR on the side chain of the data point was weighted with the standard deviation of the
lysine. The synthesis of the peptide and its labeling with 10 measurements.
TMR were carried out by Evotec OAl, Hamburg, Germany, = PCHs were recorded 10 times for 15 s, with a bin width
using solution phase chemistry. The labeled peptide wasof 50us (unless otherwise stated), while scanning the sample
finally characterized by liquid chromatography/mass spec- with a velocity of 0.8um/s on a circle with a radius of 30
trometry (LC/MS) and matrix assisted laser desorption um. The 10 data sets were averaged and modeled with a
ionization time-of-flight (MALDI-TOF) analysis. The label theoretical curve based on the FIDA algorith@8), using
position was confirmed by mass spectrometry after enzymaticthe generating function approach and a three-dimensional
digestion of TMR-ET-1 (Lopez-Calle, E.; Evotec OAl;, Gaussian observation volume. The free fluorophore was
personal communication). We have additionally confirmed described by a single species (characterized by the concen-
the correct size of the single-TMR-labeled peptide by trationc; and its molecular brightness), while the broad
MALDI-TOF as 2902 Da. Using a CHO cell line over- distribution of the number of fluorophores bound to the
expressing the EAR we could demonstrate binding to the VLiPs was modeled by three speciés<2—4), with their
cell surface and internalization of TMR-ET-1 at a low molecular brightness parameter being a multiple of the
nanomolar concentration, which could be competed by an brightness of an individual fluorophorg; = n; - 1. This
ETAR antagonist (data not shown). Unlabeled ET-1 was four-species model was complemented by two contributions,
purchased from Bachem Feinchemikalien, Bubendorf, Swit- one accounting for background depending on excitation light
zerland, and competitors BQ-123, sulfisoxazole, and sarafo-(e.g., scattered excitation light) and the other one independent
toxin 6b from Tocris Cookson, Avonmouth Bristol, UK. All  of the excitation light (e.g., electronic noise). In the fitting
ligands and competitors, ET-1, TMR-ET-1, BQ-123, sulfisox- procedure, the sum of the squared deviations between
azole and sarafotoxin 6b were received in lyophilized form, experimental data and model calculations was minimized to
then dissolved in dimethyl sulfoxide, aliquoted, and stored estimate the quality of the fits. The concentration of free
at —80 °C. For the binding or competition assay, they were ligand,c;, was identified with the concentration of the first
diluted in 50 mM Tris/HCI pH 7.4, 1 mM Cagl 0.2% speciesc;, while the concentration of bound liganck, is
Tween20. The residual concentration of dimethyl sulfoxide given by the sum of the concentrations of speciest2
was less than 0.1% in the binding assay and 0.8% in theweighted by their relative molecular brightness valugss

competition assay. niln,
Binding Assay.A solution of ETARs in VLiPs was
incubated with TMR-ET-1 in VLIiP binding buffer (50 mM =2
Tris/HCI pH 7.4, 1 mM CaCl 0.1% BSA, and 0.1% Cg = Zci 7]_
1

Tween20) at room temperature for-3 h. To measure
nonspecific binding, an excess of® unlabeled ET-1 or, i o )
alternatively, reference &R binding inhibitors (sarafotoxin In the diagrams presented in this paper, the concentration
6b, BQ-123 and sulfisoxazole) in the same buffer was added data are averaged over tr_]ree independent measurements, with
to the control samples. To investigate thesaRTin membrane the error bars representing the standard deviation.
fragments of CHO cells, the membranes were incubated with RESULTS
TMR-ET-1 in membrane binding buffer (50 mM Tris/HCI
pH 7.4, 0.85 mM CaG| 0.23% BSA, 1.6% glycerol, and Diffusion Coefficient and Absolute Concentration of TMR-
0.1% Tween20) at room temperature for2 h. For stability ET-1.For the binding studies, we employed the ET-1 ligand
measurements of VLiPs and membrane fragments, extendedhat was fluorescently labeled with TMR on the lysine. Its
incubations times up to 24 h were applied. For the competi- absolute concentration was determined by FCS. In Figure
tion assay, the ligand TMR-ET-1 was premixed with an 2, single species ACFs were fitted to the measured fluores-
increasing concentration of competitor and then incubated cence intensity autocorrelation data. From the fit, a diffusion
with a solution of ERRs in VLiPs in the VLiP binding buffer  time of 227+ 4 us was determined (in this experimeunt,
at room temperature for-13 h. = 0.357um), from which a diffusion coefficient of 140.5
For microscopic measurements, a sandwich was assembled= 2.5 um?s was calculated. The determined diffusion
from two microscope cover slips and two pieces of double coefficient corresponds to a spherical entity of about 3720
sided, self-adhesive tape. The 20®-thick tape was attached Da. Assuming a spherical shape of TMR-labeled ET-1 for
to the glass such that a 2-mm wide channel was formed in simplicity, theory yields a diffusion coefficient of 158n%/s
the middle, into which the sample solution was infused by for the monomeric ligand. Comparison of the experimentally
capillary action. Alternatively, an AssayChip 24/25 with 24- determined diffusion coefficient with the calculated one
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FiGure 2: FCS determination of TMR-ET-1 concentration. The solution of 10 nM ET receptors in VLiPs was incubated with 2
plot shows diffusion autocorrelation functions, with measured data nM TMR-ET-1. The sample was measured withotm) ©r with
(symbols) and best-fit model function (lines). From the fit scanning at scan velocities of Qudn/ms ©) and 1.6um/ms (1)
parameters, concentrations of 3.298.008 nM () and 6.177+ for the same time (X 10 s). The width of the time bins used here
0.012 nM () were obtained. The diffusion times 2292 us and was 100us.
2244 2 us correspond witly, = 0.357um to diffusion coefficients
of 139+ 1 um?s and 142+ 1 um?/s, respectively. A . . . . . c .
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suggests that the TMR-ET-1 was largely monomeric in the ~ 10* o5 o BopM
concentration range of the binding studies presented below.£ 10°
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observation volume and hence on the concentration. From 10" —5= 0= o 50 oo 150
the two ACFs shown in Figure 2, TMR-ET-1 concentrations # photons # photons
of 3.3 nM and 6.2 nM were calculated, which agree with B 15 e D 3
those expected from the dilution factor of the samples. For £ Z g
all other experiments, ligand concentrations were determined g1 Ea
from FCS data. %’05 = .
Even with excitation laser powers 10-fold larger than those g~ 3
used in the FCS and FIDA experiments reported here (data | olo

not shown), we observed a linear power dependence of the  10? %R E}b: M16' 10° 10" o :?6? VL_;&‘ " 10°
TMR-ET-1 fluorescence emission. Consequently, photo- Eme AR in VLIPS (o]

T TR counting histograms (symbols) of a ligand titration experiment. A
FIDA Measurements of TMR-ET-1 to R Binding in a solution of 1.5 nM ERRs in VLiPs was incubated with the

Scanning Approachinstead of analyzing the temporal concentrations of TMR-ET-1 given in the figure. The solid lines
fluctuations of the fluorescence signal as is done in FCS, describe the PCHs by a four-species model. (B) The binding curve

one can also analyze the statistics of the intensities of theof the ligand titration experiment resulting from the PCH analysis.
generated photon bursts. The distribution of the number of The fit (solid line) yieldsKp = 0.5+ 0.2 nM. (C) Photon counting

. . - histograms (symbols) of a receptor titration experiment. A solution
photons per time bin can be analyzed by a statistical method, > nv TMR’ET-1 was incubated with indicated concentrations

referred to as FIDA (see Experimental Procedures). FIDA of ET4Rs in VLiPs. The data were modeled by a four species model
allows us to distinguish differently bright species (free TMR- (solid lines). (D) Binding curve derived from the data in panel C.

ET-1 and VLiPs with various numbers of receptors occupied The fit (solid line) yieldsKp = 0.3 + 0.2 nM.

by TMR-ET-1) in the sample mixture and to determine their o o )
individual concentrations. As VLiPs are large and diffuse Ko Determination for the Binding of TMR-ET-1 to VLiP-
rather slowly (diffusion coefficient-3 4 2 um?/s), a long ~ Integrated ERR. The fluorescence of TMR-ET-1 upon
data acquisition time is needed to generate enough eventdinding to the receptor does not change, as was checked in
of VLiPs passing randomly through the confocal volume. Prior experiments on bulk samples. In a ligand titration
This can be partially compensated by a scanning approach€Xperiment, 1.5 nM VLiP-integrated ERs were incubated
based on an active search for vesicles in the Samp|e byW|th different concentrations of TMR-ET-1 in the range from
moving the focused laser beam or the entire sample, so tha20 PM to 20 nM. To investigate the nonspecific binding, an
many more vesicles with bound ligands can be detectedexcess of unlabeled ligand ET-1 was added to control
during the same data collection time (Figure 3). To optimize Samples, which were identically incubated and measured. A
the scan Ve|ocity, the Samp|e (10 nM B in VLiPs selection of the recorded PCHs is shown in Figure 4A. With
incubated with 2 nM TMR-ET-1) was measured with or increasing concentrations of TMR-ET-1, the number of
without scanning, using different scan velocities for the same €vents with high photon number increased. This observation
total data acquisition time (3 times, 10 s). Using a bin width indicates a higher occupancy of fRs with fluorescent

of 100 us, the largest number of events with large photon ligands and thus increased brightness of the VLiPs.
numbers was detected at a scan velocity oid@ms (Figure FIDA/PCH analysis was carried out with a four-species
3). Similar results were obtained for bin widths of 10 and model, using the algorithms described in Experimental
50 us (data not shown). Therefore, we decided to use a scanProcedures. One species represents the free ligand, and the
velocity of 0.8um/ms in all the following experiments. The  other three species represent the brighter VLIP particles with
scanning technique allowed us to significantly reduce the different numbers of bound ligands. The restriction to three
data acquisition time without loss of data quality. brightness values for the differently ligand-occupied VLiPs
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Ficure 5: TMR-ET-1 binding to its receptor in membrane - 20,
fragments. (A) Photon counting histograms (symbols) of a ligand 0
titration experiment. A solution of E\Rs in membrane fragments T ey e
was incubated with various concentrations of TMR-ET-1, as listed 107 10% 107 10° 10 10" 10
in the figure. The solid lines describe the PCHs by a four-species competitor [uM]

model. (B) The resulting binding curve of the ligand titration

! € ng | Ficure 6: Binding competition by sarafotoxin 6b, BQ-123 and
experiment. The fit (solid line) yield&p = 0.2+ 0.1 nM.

sulfisoxazole. A solution of 1.5 nM EjRs in VLiPs was incubated
with 2 nM TMR-ET-1 and with indicated concentrations of
is arbitrary. Our experimental results, however, indicate that competitor. (A) Photon counting histograms (symbols) of a
this model describes the brightness distribution sufficiently cOmPetition experiment with sulfisoxazole. The data were also
well with respect to the binding experiments. The concentra- analyzed with a four-species model (lines). (B) Results of compet-
) p . gexp : tion experiments with sarafotoxin 60}, or BQ-123 {J) or
tion of bound ligand was calculated from the FIDA- sulfisoxazole &) shown as a ratio of bound ligand with and without
determined concentrations of the three assumed VLiP-ligandcompetitor versus competitor concentration. As the nonspecific
species multiplied by their individual FIDA-determined binding was negligible, we neglected it in the experimental
brightness values. Thus, the analysis yielded the concentra—‘;;f;f’(&)f(')c)’(?h I;Ee ;'tzst (gorll'ﬁ/l "fr(')fs% é'ellggdér;j %86;': g'g ”l\'>|" ffé’rr
tion of free as well as bound TMR-ET-1, and their sum was ’ ' oH

. . . sulfisoxazole.
in agreement with the total concentration of TMR-ET-1 used

in the experiment (as determined by FCS). The sum of the receptor of interest have proven to be successful tools to

fluorescence intensities of the species, weighted by theirjntegrate transmembrane proteins with a physiological recep-
particle numbers, and the background contributions was alsotor—|igand binding profile. Therefore, we compared the

in agreement with the overall photon count rate. The analysis properties of EER-chimeric VLiPs with membrane frag-

of the recorded PCHs of control samples with an excess of ments from EER-overexpressing CHO cells using the same
unlabeled ET-1 showed that nonspecific binding was neg- F|pA technique.

ligible (data not shown). Nevertheless, nonspecific binding For this purpose, a solution of ERs in membrane

was subtracted from the binding data. fragments was titrated with TMR-ET-1 in the concentration
The resulting concentrations of bound ligand are plotted range from 20 pM to 20 nM. A selection of the recorded
in Figure 4B versus the total ligand concentration. The fitted pcHs is shown in Figure 5A. With increasing concentration
binding curve of the ligand titration experiment yield&&  of membrane fragment-embeddedJEEceptors, the number
value of 0.5+ 0.2 nM. From the molecular brightness of = of events with high photon number increased. This correlates
ligand-saturated VLiPs, a maximum number ofdRB per  wjth an increased number of bound fluorescent ligands per
VLiP of about 100 was estimated. membrane fragment. From the maximum count rate, we
In a second experiment, the roles of receptor and ligand could estimate that the purchased single-membrane fragments
were exchanged, and a solution of 2 nM TMR-ET-1 was contained up to 100 ExRs. The measured PCH data (Figure
titrated with VLiP-integrated E4Rs at concentrations rang-  5A) were modeled by the four-species model that was already
ing from 80 pM to 75 nM. As the recorded PCHs show, the applied to the VLiP data analysis. The resulting concentra-

number of events with high photon number grew with
increasing concentration of VLiPs (Figure 4C) due to the
increasing number of bound fluorescent ligands.

In Figure 4D, the FIDA-determined concentrations of
bound ligand are plotted versus the concentration of ST
integrated in VLiPs. AKp value of 0.3+ 0.2 nM was
obtained from fitting a binding curve to the receptor titration
data.

Kp Determination for the Binding of TMR-ET-1 to R
Embedded in Membrane Fragment8lasma membrane

tions of bound ligand are plotted in Figure 5B versus the
total ligand concentration. The fit of the ligand titration data
with a binding curve yielded, = 0.2+ 0.1 nM.

Ligand Competition Experiments with Reference Com-
poundsThe binding properties of the VLiP-integrated AR
were further analyzed in ligand competition experiments,
using ligand-competitive binders of the FR with agonistic
(sarafotoxin S6b) or antagonistic properties (sulfisoxazole
and BQ-123). A solution of 1.5 nM ER in VLiPs was
incubated with 2 nM TMR-ET-1 and with varying concen-

fragments isolated from mammalian cells overexpressing thetrations of competitor compounds. Figure 6A shows a
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selection of PCHs for the competitor compound sulfisox- events with high photon counts. The measurement time is
azole. The events with high photon number decreased withan important issue, particularly for HTS applications. For
increasing concentration of the competitor, showing the these cases, the scanning technique allows a substantial
displacement of the bound fluorescent ligand by the non- reduction of the measurement time without loss of data
fluorescent competitor. quality.

The PCH data of the three competitors were analyzed as In principle, FCS may also be used for binding measure-
described above. In all experiments, we observed the ments because it can distinguish between small free ligands
displacement of the TMR-ET-1 ligand by the competitor and large VLiPs with bound ligand&3, 24) on the basis of
compound, as shown in Figure 6B, where the percentage oftheir different diffusion times through the confocal observa-
bound ligand is plotted against the competitor concentration. tion volume. However, the long data acquisition time needed
The fits of the competition curves yieldéd values of 0.8 to generate enough statistical events in FCS analysis cannot
+ 0.2 nM, 32+ 5 nM, and 3.6+ 0.8 uM for sarafotoxin be as efficiently shortened as in FIDA by using the above-

6b, BQ-123, and sulfisoxazole, respectively. described scanning approach (data not sho&§)) (
Active recruitment of the EARs to the budding VLIP is
DISCUSSION mediated by the interaction between theaRftag and the

o ) Gag-tag. Therefore, the concentration ofARE in the VIiP

All methods applied in high-throughput screening (HTS) inid bilayer is rather high, and one has to ensure that the
of mer_nbrane proteins, including assays bas_ed on confocaly|gse proximity of the receptors does not cause an energy
detection techniques such as FIDA, require membrane yansfer between the fluorescently labeled ligands. Based on
fractions (vesicles, fragments) in which the protein of interest e ohservation that the average fluorescence intensity of the
is present at a high concentration and in its normal physi- sample did not change upon receptor-saturating ligand
ological function. VLiPs that express the transmembrane binding, we can exclude such a self-quenching process.
protein of interest may fulfill these requirements. To validate T determineKp, values for the interaction between VLiP-
the applicability of VLiPs to the drug discovery process, we incorporated EIRs and TMR-ET-1, we performed FIDA
investigated their properties in binding experiments and their gy heriments at different ligand and receptor concentrations.
suitability for fluorescence fluctuation spectroscopy assays. a tjtration of TMR-ET-1 against a constant VLiP-ER

In preparation to our ligandreceptor binding experiments,  concentration and a titration of VLiP-E&R against a constant
we first measured the diffusion coefficient of TMR-ET-1in  TMR-ET-1 concentration resulted in simil& values of
an FCS experiment. Fluorophores, and consequently, fluo-0.5 and 0.3 nM, respectively. To saturate thesB$ with
rophore-labeled biomolecules, often tend to aggregate iNTMR-ET-1 in the ligand titration experiments, TMR-ET-1
aqueous solutions because of the hydrophobic nature of theconcentrations up to 20 nM were used. At these high ligand
fluorophores. However, a diffusion ACF curve for a single concentrations, however, several unbound ligands are present
species gave a good fit to the experimental data, and thejn the confocal observation volume on average. Under these
resulting diffusion coefficient corresponded to a monomeric conditions, FIDA analysis faces the problem that one cannot
state of the TMR-ET-1. Note that a minor portion of the distinguish between free and bound ligands. Therefore,
dimeric ligand against mostly monomeric ligand is not instead of titrating a fixed receptor concentration with varying
detectable by the FCS method. Another advantageous featurgigand concentrations, titrating the receptor against a fixed
of the FCS analysis is the possibility to perform a precise concentration of the fluorophore-labeled ligand in the lower
measurement of the concentration of a fluorophore-labelednanomolar range is more suitable forka determination
species. This form of concentration determination is superior ysing FIDA. To reach ligand saturation in this receptor
to methods that rely on weighed quantities and do not accounttitration approach, high concentrations of receptor were
for losses due to, for example, nonspecific binding of the required. Here, another advantageous feature of théRET
fluorophore-labeled entity to the surfaces of the sample cell. enriched VLiPs became apparent: a VLiP stock suspension
We thus used FCS to determine the absolute concentrationyjth ~150 nM ET,R was available. In contrast, only4
of the TMR-ET-1 in solution for our titration experiments. nM ET4R stock suspensions were available for the membrane

A problem associated with fluorescence fluctuation experi- fragments. Therefore, th& determination for the membrane
ments on particles that diffuse slowly is the long data fragment-embedded ERRs could only be carried out in the
acquisition time needed to generate enough statistical eventdigand titration mode, with a fixed, lower nanomolar
for FIDA or FCS. With a diffusion coefficient of3 um?/s, concentration of EAR. The membrane fragments were
the VLIiPs fall into this category of slowly diffusing entities.  derived from CHO cells overexpressing the RT It is well
Therefore, we employed a scanning approach, which is basedaccepted that plasma membrane fragments isolated from
on an active search for VLiPs or membrane fragments in mammalian cells overexpressing the receptor of interest
the sample by moving the focused laser beam or the entiredisplay receptor proteins with a normal receptiigand
sample. Our FIDA data clearly showed that many more binding profile. The FIDA-determine&p values of 0.3
VLiPs with bound ligands can be detected within the same 0.5 nM for the ERRs integrated into VLiPs are close to the
data collection time by scanning. For FIDA, the scan velocity Kp value of 0.2 nM for the EARs in their physiological
needs to be optimized for a large number of VLiPs detected biomembrane environment. The CHO membrane fragments
during the measurement time, while ensuring a reasonablythat we used for our binding experiments contained a rather
long residence time of the detected VLIP in the moving high ETAR density (2.4 pmol/mg membrane protein). Cell
confocal volume, so that sufficiently large photon numbers lines that overexpress the receptor of interest to a similar
appear within the time bin chosen. In our experiments, a extent are not available for all GPCRs. Thus, the use of
scan velocity of 0.8:m/ms produced the largest number of receptor-enriched VIiPs will be particularly advantageous for
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applications in which the receptor density in membrane
fragments from receptor-overexpressing cells is low. Fur-
thermore, we found that VLiPs were stable for about 24 h
in some long-time incubation binding experiments. In
contrast, membrane fragments were stable for onrh3 &

Biochemistry, Vol. 43, No. 28, 2008027

the lower nanomolar range for BQ-123 have also been
reported. For example, Desmarets and Frdif) determined

a K; of 2 nM for BQ-123. However, in their study, a
comparatively lonKp of 5—7 pM for ET-1 was measured,
suggesting that a technical problem may have caused these

under the same assay conditions (data not shown). The bettedeviations. OurK; of 3.6 uM for sulfisoxazole is 3-fold

stability is a further advantage of VLiPs that makes them
interesting tools in the drug discovery process.

The FIDA-determinedp values for the VLiP-integrated
ETaR are close to th&p of 0.64 nM and 0.22 nM, obtained
with [125I]-ET-1 in radioligand assays using humansRT
in homogenates of human saphenous v@®) and ET.\R
overexpressed in baby hamster kidney (BHK) celt3)(
respectively. This comparison with literature data on tissue
or cell surface-expressed receptors supports the normal
binding profile of the VLiP-integrated EARs. HoweverKp
values in the range between 0.01 and 5 nM for binding of
ET-1 to ETAR were reported in a review articl@g). Such

higher than theKp obtained from the inhibition of ET-1
stimulated phosphoinositide hydrolysis measured in TE 671
cells 38). Consequently, alK; values determined by our
FIDA experiments were similar to literature values that were
obtained for the respective compounds with membrane
fragments, intact cells or tissues. In summary, our results
indicate that the EARs integrated into the outer lipid bilayer
of VLiPs maintain their physiological properties with regard
to the TMR-ET-1 ligand and with regard to a series of
pharmacologically active compounds.

In the search for novel GPCR-directed drugs, assay formats
are required that can be miniaturized that do not rely on

a large range of the dissociation constants can have numerouseparation steps (e.g., free ligand from bound ligand), and
reasons. First, different tissues and cell types were investi-that still maintain the receptor of interest in a possibly
gated. In tissues or cells, other cooperating or inhibiting physiological environment. The use of VLiP-integrated

proteins can be involved in the binding of ET-1 to its
receptor. For example, interactions between,ETand
endothelin B receptor were discussed for the rat anterior
pituitary gland 29, 30). Second, the methods used to measure
the Kp values are very different. The most frequently used

GPCRs in combination with FIDA has great potential to
benefit the drug discovery process in the pharmaceutical
industry. We expect a substantially increased use of this novel
confocal technique for highly miniaturized biochemical
assays soon.

technique is the radioligand binding assay, which necessitates
separation steps to wash out the unbound radioligand. ApartACKNOWLEDGMENT
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