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ABSTRACT. The agonist-induced dynamic regulation of fheadrenergic receptof¢-AR) on living cells

was examined by means of fluorescence correlation spectroscopy (FCS) using a fluorescence-labeled
arterenol derivative (Alexa-NA) in hippocampal neurons and in alveolar epithelial type 1l cell line A549.
Alexa-NA specifically bound to th@,-AR of neurons with &p value of 1.294+ 0.31 nM and of A549

cells with aKp of 5.98+ 1.62 nM. The receptor density equaled £%.9um~2in neurons §n) and 19.9

+ 2.0um=2in A549 cells pasag). Kinetic experiments revealed comparable on-rate constants in both cell
types kon = 0.494 0.03 st nM~tin neurons andt,n, = 0.12+ 0.02 st nM~1in A549 cells). In addition

to the free ligand diffusing with ®see of (2.11+ 0.04) x 1076 cn/s, in both cell types receptetigand
complexes with two distinct diffusion coefficientBpoung1 (fast lateral mobility) andpoung2 (hindered
mobility), were observedpoundr = (5.23 & 0.64) x 1078 cn?/s andDpoungz = (6.054 0.23) x 10710

cn/s for neurons, an®poung1= (2.884 1.72) x 1078 cm/s andDyoung2z= (1.01+ 0.46) x 107° cné/s

for A549 cells]. Fast lateral mobility of the receptdigand complex was detected immediately after
addition of the ligand, whereas hindered mobiliBs{und) Was observed after a delay of 5 min in neurons
(up to 38% of total binding) and of 520 min in A549 cells (up to 40% of total binding). Thus, the
receptor-ligand complexes with low mobility were formed during receptor regulation. Consistently,
stimulation of receptor internalization using the adenylate cyclase activator forskolin shifted the ratio of
receptor-ligand complexes towar®poungz Intracellular FCS measurements and immunocytochemical
studies confirmed the appearance of endocytosed reedmjand complexes in the cytoplasm subjacent

to the plasma membrane after stimulation with the agonist terbutalipd§1 This regulatory receptor
internalization was blocked after preincubation with propranolol and with a cholesterol-complexing saponin
o-hederin.

The f3;-adrenergic receptorg4{ARs) mediate a variety  the family of G-protein-coupled receptors and is subjected
of effects in noncardial tissues, including the relaxation of to a reduction in receptor sensitivity, which is called
smooth muscle in blood vessels, bronchus, intestine, anddesensitization, upon short-term interaction with a specific
uterus. They mediate glycogenolysis and glucogenesis in liveragonist (—3). Prolonged interactions with th&-AR lead
and regulate cell metabolism in skeletal muscle. FRARS to an endosomal uptake of recepttigand complexes; i.e.,
are also located presynaptically in nerves where they facilitate receptor proteins are internalized, thereby leading to a
neurotransmitter release and in brain where they regulate acompensatory reduction (sequestration) of receptors in the
variety of physiological processes. Ti#fe-AR belongs to  cell membrane. In this way, the cell is able to adapt on a

medium- to long-term basis to changing influences. Desen-
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responsiveness of the alveolar epithelium and the smooth Cell Culture. The hippocampal neurons were prepared
muscles of the respiratory tract during long-term sympatho- from brains of Sprague-Dawley rat embryos at embryonic
mimetic medication®). The classical biochemical investiga- day 18 by microdissectionl®). The cells were triturated
tion of receptorligand interactions, which is based on and seeded at a density of approximately .3 to 18
radioreceptor binding studies on membrane preparations,mm poly+-lysine (Sigma)-coated glass coverslips in 12-well
however, does not represent these regulatory processelates (Nunc, Wiesbaden, Germany). After being cultured
Therefore, the direct observation of the interaction of ligands for 8 days in 5% C®@ at 37 °C using Start-V medium
with their receptors on living cells and the influence of (Biochrome, Berlin, Germany), cells were used for experi-
various drugs on such systems would be of great importance ments from day 9 to 14.

Fluorescence correlation spectroscopy (FCS) is a techniqgue The A549 human cancer cell line was obtained from the
for investigating adaptive processes on living cells at the U.S. National Cancer Institute (NCI, Bethesda, MD) and was
molecular level with minimal disturbance of the cells that used for passages 19@10. The cells were maintained in
are being investigated, if suitable fluorescent probes for theseRPMI 1640 with glutamine and 10% fetal calf serum (both
processes are availabl®.(FCS measures the diffusion times from Gibco BRL, Karlsruhe, Germany). For the FCS
of individual molecules by detecting fluctuations in fluores- experiments, the cells were seeded at a density ok215°
cence intensity§—10). Changes in the diffusion character- cells/cnf to 18 mm polyt-lysine-coated glass coverslips and
istics of fluorescence-labeled probes therefore allow con- cultured in 12-well plates (Nunc) for-23 days to 80%
clusions to be drawn about different functional states, such confluency and used for experiments from day 4 to 7.

as those occurring during signal transduction or subsequent Receptor Binding Studie®rior to the FCS experiments,
regulation of recepterligand complexes. Recently, in FCS the cells were washed three times with Locke’s solution [5
experiments, a concentration-dependent increase in the levemM HEPES, 154 mM NaCl, 5.6 mM KCI, 1 mM Mggl

of specific binding of a dye-labeled muscimol derivative was 3.6 mM N&COs, 20 mM glucose, and 2.3 mM CaQpH
demonstrated by the positive cooperative activity of a co- 7.4)] at 37°C. The coverslips were mounted on a coverslip
incubated benzodiazepine, which was selectively found in carrier with an incubation volume of 3@Q. For the binding
GABA, receptor-ligand complexes with hindered lateral studies, the cells were incubated for 15 min with different
mobility (11). concentrations of Alexa-NA (from 0.1 to 240 nM for

Here, we describe the synthesis of a dye-labeled arterenofSaturation experiments, 5 nM for determinationkgf) in
derivative based on the dependence of fhadrenergic L_ocke’s solution at 20C. For every data point, at least 10
ligand subtype selectivity on catecholamine substitution at Single measurements of 30 s runs were performed on three
the amine function. To create a mgtespecific ligand from 10 four cells from two different cell preparations. To
By-preferring arterenol, the succinimidyl ester-activated detérmine the level of nonspecific binding, cells were
fluorescent dye Alexa 532 was introduced at this position Preincubated with zM competitor (terbutaline hemisulfate,
via nucleophile substitution. Using the FCS technique, we Propranolol HCI) fo 1 h followed by a second incubation
describe B-adrenergic receptetiigand interactions, the  With 5 nM Alexa-NA. A negative control was performed by
varying lateral receptor mobility following ligand binding, ~incubating the cells with 5 nM Alexa Fluor 532 carboxylic
and the internalization of recepteligand complexes using ~ acid, succinimidyl ester 6-isomer.

hippocampal neurons and alveolar epithelial type Il cells. Receptor Regulatiorkor the time-dependent detection of
the regulatory processes, hippocampal neurons and A549

MATERIALS AND METHODS cells were initially incubated with 5 nM Alexa-NA. Data
were collected every minute in 30 s measurements. The data
Synthesis of the AlexgArterenol SpeciesTwo milligrams points represent the average of two sequential 30 s runs on
of arterenol (11.83M) (Sigma-Aldrich, Taufkirchen, Ger-  single cells. Experiments were performed in duplicate.
many) and 1.0 mg of Alexa Fluor 532 carboxylic acid, Cell scans of A549 cells were performed in theirection
succinimidyl ester 6-isomer (1.38V) (Molecular Probes, initially and after a 5, 20, 30, and 60 min incubation period
Leiden, The Netherlands), were dissolved separately in 0.5with 10 nM Alexa-NA. Stimulation of thg,-AR internaliza-
mL of ethanol (99.5%) (Merck, Darmstadt, Germany). The tion was induced by co-incubation with M terbutaline.
solutions were combined dropwise and stirred for 24 h. The To inhibit the internalization process, A549 cells were
reaction mixtures were purified by high-performance liquid preincubated with kM o-hederin for 24 h at 37C in 5%
chromatography (HPLC) using a LiChrospher RP8-select B CO, and washed three time with PBS (pH 7.4) at°ZD
(125 mmx 4 mm, 5um) column (Merck). The eluent was FCS Setup.FCS measurements were performed with
a mixture of acetonitrile (23.0%), 4 (72.5%), methanol  confocal illumination of a 0.19 fL volume element in a
(4.0%), and 85% kPO, (0.5%), with a flow rate of 0.9 mL/  ConfoCor instrument (Zeiss, Jena, Germany). For excitation,
min; all solvents were HPLC grade (Merck). Water was taken the 514 nm line of an argon laser (LGK 7812 ML 2, Lasos,
from a Millipore Milli-Q System (Millipore GmbH, Esch-  Jena, Germany) was focused through a water immersion
born, Germany). Peak detection was at 254 nm parallel to objective (C-Apochromat, 63, NA 1.2, Zeiss) into the
514 nm. The resulting yield was 0.9 mg (1.A4M, 83%). sample [power density in the focal plane, measured before
The purity of the product was 99%, proven by HPLC. The  the objective [0s14), of 14.2-109 kW/cn?]. The emitted
identity of the product was confirmed by high-resolution fluorescence was separated from the excitation light with a
mass spectrometry [AutoSpec mass spectrometer (Watersdichroic filter and a band-pass filter. The intensity fluctua-
Milford, MA), methanol as the solvent, and a flow rate of tions were detected by an avalanche single-photon counting
10 uL/min] for Alexa-NA (measured value of 778.8823, module (SPCM-AQ Series, EG&G Optoelectronics Canada
calcd 778.8840). Inc., Vaudreuil, PQ). The signal was correlated online to data
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acquisition with a digital hardware correlator (ALV-5000, simplifications in eq 4 are suitable for calculating averaged
ALV, Langen, Germany). diffusion time constants for freely diffusing ligands and for
Focus positioning to the upper membrane of the cell somareceptor-ligand complexes with free and hindered lateral
was done both by visual inspection in theandy-directions mobilities which change by more than 1 order of magnitude.
and by motor-aided scanning of the autofluorescence of the  Prior to the experiments, the volume element of observa-
cell in the zdirection. Taking the position of the half-  tion was calibrated. For this purpose, a defined concentration
maximal autofluorescence of the upper membrane, the focusof rhodamine 6G was added to the extracellular solution and
took in fast-diffusing free molecules and slow-diffusing the autocorrelation function for the dye diffusion was
ligands bound to a kind of receptor as well. Furthermore, recorded. The radib, andz were calculated (according to
the lower part of the focus was localized in the cytoplasm eqs 1 and 2) from the determined diffusion time constant

just below the plasma membrane, allowing the detection of for rhodamine 6G and a diffusion coefficient of 28&%s
internalized ligands. (16).

Cell scans were performed by moving the focus in the | mmunocytochemical Detection of tfigAR. A549 cells
z-direction through the cell to characterize the initial auto- \yere cultured, as described previously, and incubated after
fluorescence of the cell and the fluorescence intensity after4 gays in culture on glass coverslips. Treatment of the cells
ligand incubation. The cell scan showed a two-peak profile \yith 10 4M terbutaline hemisulfate (Sigma) for 10 min, 10
for the lower and upper membrane. The range between the,\ propranolol HCI (Sigma) for 1 h, and AM a-hederin
two peaks characterized the fluorescence intensity of the(sigma) for 24 h was performed at 3T in 5% CQ. Cells
cytoplasm, which was integrated for quantification. were fixed with 4% paraformaldehyde for 10 min. Perme-

Data AnalysisIn a three-dimensional Gaussian volume, apilization of the cells was performed with 0.2% Triton
the autocorrelation functio(z) for j different diffusing X-100 in PBS for 5 min at room temperature. Nonspecific
components is given by the following equatidBy: anti-3, antibody binding was blocked with 3% bovine serum

albumin in PBS buffer (pH 7.4) and 0.2% Triton X-100 for
1 h at room temperature. To detect AR on A549 cells,
the combination of antf antibody H20 (1:240 dilution,
Q) incubation fo 1 h atroom temperature; Santa Cruz Bio-
1+ (wolzo)zr/rD_ technologies, Santa Cruz, CA) and Alexa 488-labeled goat
: anti-rabbit antibody (1:500 dilution, incubationrfd h at
room temperature; Molecular Probes, Leuven, The Nether-
with lands) was used. Cells were visualized by staining F actin
with phalloidin-TRITC (Sigma) [stock solution of 10@g/
g mL DMSO; staining with a stock solution diluted 1:1000
Tp = 5~ (2) with 0.2% Triton X-100 in PBS (pH 7.4)] for 5 min at room
j temperature. Cells were washed with 0.2% Triton X-100 in
PBS (pH 7.4) at 20C thrice after every step.
Cultured A549 cells were examined with a Leica TCS SP2
Q = o, (3) confocal laser scanning unit equipped with an argon and a
HeNe laser. The laser scanning module was attached to the
whereN; is the average number of molecules of spefias DM IRE 2 inverse microscope. Images were recorded and
the volume elementy, the diffusion time constant of species  processed with the Leica LCS software. A-4@bjective
i, wo the radius of the observation volume in the focal plane, (1.25 numerical aperture) was used throughout the experi-
2 the radius of the observation volume in thelirection, mental design. To ensure equal illumination for all treat-
D; the translational diffusion coefficient of specie€); the ments, the same laser intensity, acousto-optical tunable filter
quantum yield factorg; the absorption cross sectiap),the settings, and signal amplification settings were applied.
fluorescence quantum yield, agdhe fluorescence detection Images were recorded at a resolution of 54512 pixels.
efficiency of species. The pinhole was set to 1 Airy (82m).

When all fluorescent componenthave the same count
rate per molecule (i.e., al) values are the same) and diffuse RESULTS
on a cell surface, then eq 1 simplifies to

1

and

FCS binding studies were first performed with the Alexa

1 0 Vv 532—arterenol species (Alexa-NA) on pyramidal hippocam-
Gr)=1+— x Z—’ (4) pal neurons of the rat which express tfgadrenergic
N & 1-|-r/rDj receptor g.-AR) on the cell soma (7, 18) and which

exhibited low cellular autofluorescence. These primary
wherey; is the fraction of speciefto the autocorrelation ~ neurons showed a maximum, noncorrelatable fluorescence

amplitude,tp, the diffusion time constant of specigsand ~ intensity in the biomembrane of approximately 2.5 kHz with
N the total number of molecules in the detection volume @ prevailing laser excitation energy of 14.2 kWkrithis
element. very low background signal was an essential prerequisite for

It is known that association and dissociation of the conducting subsequent binding studies using ligand concen-
receptor-ligand complex may have an influence on the trations in the nanomolar range.
diffusion time constantsld, 15). Although a model that takes When arterenol (noradrenaline, NA) was labeled with the
into account these processes would be more relevantfluorescent dye Alexa 532 at the primary amine moiety to
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A) of 455+ 0.89 us (h = 20), from which a diffusion
coefficient Dgee) Of (2.11 £ 0.04) x 10°°® cn?/s was
calculated (Figure 2). In equilibrium, Alexa-NA showed
saturable binding to th8,-AR with a dissociation constant
(Kp) of 1.29+ 0.31 nM f = 2) (Figure 3A) and a maximum
number of binding sitesBnay 0of 5.96+ 0.27 nM (1 = 2),
corresponding to a receptor densip) 6f 4.5+ 0.9 um=2
(n = 6) on the cell bodies. Competition experiments with a
1000-fold excess of thg/S2-specific competitor propranolol
(B1/B2-agonist) yielded a level of nonspecific binding of 23%.
However, competition of the Alexa-NA binding with in-
creasing concentrations of nonlabeled arterenol yielded an
ICso value of 7.094+ 0.51 uM (n = 3), from which an
inhibition constant k) of 3.86 + 0.28 uM (n = 3) was
calculated which was 1000-fold higher than Hgof Alexa-
NA. An additional inhibition experiment with a 1000-fold
excess of th@,-specific agonist terbutaline resulted in a level
of nonspecific binding of 25%, similar to that observed with
propranolol. It could thus be concluded that the coupling of
o the dye to the amine function of arterenol increased the
Ficure 1: Chemical structures of Alexa-NA (A) and-hederin af'fini_ty for _theﬂZ'AR as e)fpe_cted from the struc_ttﬂ’binding
(B). relationship of adrenergic ligand49). A negative control
of pure dye incubated with the cells revealed no membrane-
» related fluorescence in the FCS experiment. Only freely
g diffusing dye molecules were present.
Interestingly, the autocorrelation curve obtained from
! JJ 4 HL ‘MLWU\J " binding experiments on the neurons reproducibly revealed
etsbin s W‘WWW‘*‘” two distinct diffusion time constants for the bound ligand
time [s] [Thoundr= 1.84+ 0.17 ms ( = 20) andtyoung2= 158.6+
40.4 ms ( = 20)], indicating the existence of two subpopu-
lations of receptorligand complexes with different mobili-
ties [Dpounar = (5.23 4+ 0.64) x 1078 cn?/s andDpoungz =
(6.054 0.23) x 1071° cn¥/s] (Figure 2).
0.2 N When the kinetics of the bound states were followed in a
10° 107 10" 10° 10" 10° 10° 10* 10° 10° time-dependent binding experiment involving 5 nM Alexa-
NA on hippocampal neurons (Figure 3B), an overall binding
Ficure 2: Normalized autocorrelation curvesafreely diffusing rate constanti,,) of 0.49 + 0.03 s nM~! (n = 2) was
Alexa-NA with a7yee Of 45.5+ 0.89us (0 = 20) above the cells, 054 red. Moreover, a time-dependent evaluation of the
(m) Alexa-NA bound to the cell membrane of a hippocampal neuron . . . . S
With @ Thoung1Of 1.84+ 0.17 ms i = 20) and arboung20f 158.6+ different diffusion time constants revealed a binding curve
40.4 ms 6 = 20), and {+) autofluorescence of the nonincubated for the receptorligand complex withz,oungs Which cor-
neuronal membrane. The inset shows the fluorescence trace of theesponded to a one-site binding model, whereas the part of
incubation with 1 nM Alexa-NA in comparison with the nonincu-  the free ligand withryee dropped simultaneously (Figure 4A).
bated membrane of a hippocampal neuron. Remarkably, the formation of recepteigand complexes
with low mobility (zpounad OCcurred later and was a transient
event. The maximum value of 38% fok.una2Was reached
after 5 min, and slowly dropped again thereafter, suggesting
that the low-mobility complexes are formed from high-

fluorescence intensity [kHz]

G(1)

obtain af,-AR ligand according to the general structure
binding relationship of adrenergic ligandk9j, the reaction
product termed Alexa-NA was obtained with a high yield
(83%) an_d pu_rity £99%) after HPLC purifigation (Figu_re mobility complexes foound) (Figure 4A).

1). The identity of the product was confirmed by high- 14 getermine the subcellular localization of bound ligands,
resolution mass spectrometry for Alexa-NA (measured value e, rons were scanned by moving the laser focus along the
of 778.8823, calcd 778.8840). After incubation of hippo- . gjrection through the cell. Analysis at various points in
campal neurons with 1 nM Alexa-NA, fluorescence correla- time revealed an increase in the fluorescence intensity in the
tion spectroscopy (FCS) revealed an increase in the ﬂU_O'neuronaI plasma membrane upon the appearanceaii
rescence intensity at the neuronal plasma membrane, whichntensive fluorescence tracks for individual intracellular
exceeded the background approximately 10-fold in the form eyents correlated with the appearance of the recetitgand

of autocorrelating signals, amounting to approximately 20 complex withzpoung (Figure 5). Taken together, these data
kHz (Figure 2, inset). In FCS binding studies, bound and clearly demonstrate heterogeneity &AR states in hip-
freely diffusing ligands are differentiated by their charac- pocampal neurons and indicate that the lower receptor
teristic diffusion time constants, while the corresponding mobility corresponds to a state related to up- and down-
fluorescence intensities are measured for quantification. Theregulation processes.

evaluation of the FCS autocorrelation curves yielded for  To further elaborate on these findings and to evaluate the
Alexa-NA in Locke’s solution a diffusion time constant.4) cell type dependence of the binding of Alexa-NA to fhe
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Ficure 3: Comparison of binding of Alexa-NA to hippocampal neurons and A549 cells. (A) Saturation of binding of Alexa-NA to
hippocampal neurons & 2). (B) Time-dependent binding of 5.0 nM Alexa-NA to hippocampal neurans 2). (C) Saturation of binding
of Alexa-NA to A549 cells (| = 2). (D) Time-dependent binding of 6.8 nM Alexa-NA to A549 celts=t 2).

AR, FCS binding studies on the A549 human lung cancer of a 10 nM Alexa-NA incubation yielded an intracellular

cell line were carried out which yieldedkg of 5.98+ 1.62
nM (n = 2) for Alexa-NA (Figure 3C) and 8max 0f 15.10
+ 1.57 nM ( = 2). The receptor density) was calculated
as 19.9+ 2.0 um2 (n 5). Similar to that of the

hippocampal neurons, the maximum, noncorrelatable auto-

fluorescence profile with a maximum value of 701 kkin

(n = 3) after 20 min which confirmed the results obtained
from the FCS binding studies (Figure 7). Co-incubation with
1 uM terbutaline increased the fluorescence intensity to 1311
kHz um (n = 3) which then was observed within the next

fluorescence of the cell membranes was approximately 1.540 min constantly. These observations were consistent with

kHz (laser light energy of 14.2 kW/ci) and no binding of

immunocytochemical patterns of subcellular receptor local-

the pure dye was found, which made the A549 cells suitable ization after treatment with terbutaline (Figure 8B). More-

for FCS experiments. Competitive binding between 5 nM
Alexa-NA and 5uM fS.-specific agonist terbutaline resulted
in a level of nonspecific binding of 29%. A competition with
the f1/f2-specific antagonist propranolol ¢(gV) yielded a
level of nonspecific binding of 23%, comparable to that of
terbutaline, confirming thé,-selective binding affinity of
Alexa-NA for A549 cells. The binding rate constakg of
0.12+ 0.02 s* nM~* was on the same order of magnitude

over, preincubation with &M forskolin, which leads to an
increased level of receptor uptake due to stimulation of
adenylate cyclase and enhanced phosphorylation gfthe
AR by the phosphokinase GRK2 and subsequent internaliza-
tion of the receptor, caused a drop in receptor density in the
membrane which manifested itself in a decrease in the level
of total binding from 50.3+ 0.9 to 39.0+ 1.0% following
incubation with 7 nM Alexa-NA. The ratio of the receptor

as that found for the hippocampal neurons (Figure 3D). The ligand compleXrnound2to the complextsoundiincreased from

diffusion time constants for the receptdigand complexes
[Tbouna1 = 3.33 £ 0.63 ms ( = 20) andtpoungz = 95.22+
21.80 ms = 20)] as well as the corresponding diffusion
coefficients Ppouna1= (2.884 1.72) x 1078 cn?/s andDyoung2

= (1.014 0.46) x 10°° cn¥/s] were also comparable to the
results obtained with the hippocampal neurons (Figure 6).
In contrast, the maximum of 40% for the recepttigand
complex withtyeungz 0N the A549 cells was observed after
15—-20 min (Figure 4B). In addition, internalization of the
B2-AR was investigated by scanning cells along #hexis

at various points in time. For quantification, the fluorescence
intensity within the cytoplasm was integrated. The cell scans

0.24 £+ 0.03 to 0.32+ 0.04 f = 3), consistent with the
notion thatrpeyngs cOrresponds to the receptor which under-
goes uptake.

Finally, an attempt was made to use FCS to discover
agents which inhibit the receptor uptake process, because
there is great therapeutic interest in manipulating G-protein-
coupled receptor (GPCR) signal transducti@fl)( Besides
the 5,-AR, certain components (e.g., GRK2, Src, etc.)
involved in GPCR signal transduction are localized primarily
in cholesterol-rich microdomains of the plasma membrane
(21, 22). Furthermore, alterations in local plasma membrane
cholesterol content play a critical role in clathrin-coated pit
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Ficure 4. Time-dependent detection of the signal distribution to
two different states of mobility of receptofigand complexes by
incubation of 5 nM Alexa-NA with hippocampal neuronms= 2)

(A) and A549 cells It = 2) (B): (m) freely diffusing Alexa-NA
above the cell, @) receptorligand complexes with free lateral
mobility (zwound), and @) receptor-ligand complexes with restricted
lateral mobility ¢vound?-
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Ficure 5: Cell scans in the-direction through a hippocampal
neuron initially @) and after incubation for 5 min with 5.0 nM
Alexa-NA (O). The appearance of membrane-associated and
intracellular fluorescence events is time-dependent and refers to
regulatory endocytotic processes, according to the distribution of
the different diffusing receptetligand complexes, detected in FCS
measurements (Figure 4).

1,24

internalization 23—25). On the basis of the observation that 17 25
cholesterol-complexing compounds termed saponins interfere 1‘0'_ B ;*‘—‘a\g}f B
with endocytosis, a screening of chemically defined saponins o8] tA%.e _
was performed (data not showr6( 27). Among these ] - %ﬂ <
compounds, pretreatment of A549 cells withl o-hederin = 081 “s g .
(Figure 1) for 24 h inhibited the terbutaline-mediated increase © 4l % M ’ :
in the level off3.-AR uptake. After an incubation period of o T porel e
20 min, a maximum inhibition of 87%n(= 3) was found 0,2 %
(Figure 7). 1 %

From the analysis of the FCS autocorrelation curveML 0.0
a-hederin reduced the occurrence of the recepligand 10¢ 10° 10° 10" 10° 10 1G  16°  1o°
complex with tpoungz by 55 £+ 1.8% ( = 6), whereas the ©[ms]

occurrence ofyoungrincreased by 26 0.7% (= 6) (Figure
6). Additionally, a-hederin-treated A549 cells incubated with
4 nM Alexa-NA showed an increased level of ligand binding
[from 55.2+ 5.7 to 63.0+ 3.2% ( = 6)].

The regulatory influence ak-hederin on receptor down-
regulation was validated by immunocytochemical fluores-
cence detection of th8,-AR via an antif, antibody. The

Ficure 6: Normalized autocorrelation curvesv)(freely diffusing
Alexa-NA with atpee 0f 45.0+ 0.41us (n = 20) above the cells,
(O) Alexa-NA (4 nM) bound to the membrane of A549 cells with
a Thound10f 3.33% 0.63 ms ( = 20) for the free lateral mobility of
the receptorligand complex and @,oung20f 95.22+ 21.80 ms

= 20) for the hindered lateral mobility of the receptdigand
complex, and 4) preincubation with 1uM a-hederin with a
decrease inpouna2by 55% and an increase oung1by 26% 6 =

untreated control showed weak punctate staining of the 20)-

receptor, which could be related to clusters of the receptor

occurring in the cell membrane and on vesicular structures molecule from 0.64 (the number of molecules of nontreated

in the cytoplasm (Figure 8A). Treatment with 1M the

cells was 7.1 and the count rate 4.55 kHz) to 1.23 (the

B2-specific agonist terbutaline markedly increased the numbernumber of molecules was 3.6 and the count rate 4.59 kHz).
and brightness of receptor aggregates (Figure 8B). From theA treatment with the antagonist propranolol (M)
FCS corresponding autocorrelation curves, the increase insignificantly reduced the effect of a subsequent incubation
the brightness of aggregates upon treatment with terbutalinewith 10 uM terbutalin (Figure 8C). The preincubation with
was confirmed by an increase in the number of counts per1l uM o-hederin inhibited receptor aggregation and inter-
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= (A) to-background ratio o 10:1, which proved to be suitable
3 1400‘_ for the measurements and disregarding the influence of the
N 12001 background signal.

< l Other specific ligands for thg,-AR have also been

g 1000+ coupled with fluorescence markers in the past. Heithier et
= 1 al. labeled the8:/3,-specific antagonist CGP12177a with the
§ 800+ dyes NBD, bodipy, and fluorescein and described the binding
g 600-_ of those to cell preparations and intact cells Wiih values

= ] in the picomolar range?2@, 30). In 1982, Henis et al.

& 400+ synthesized NBD-labeled alprenol8y, while the high level

= 1 of nonspecific binding of this ligand to cell membrane
8 200+ preparations was described by Rademaker e83). These

£ ] publications showed, however, that it is possible to label
= inital 5min 20 min 30 min 60 min small adrenergic ligands with relatively voluminous fluo-

rescence markers and obtain a high binding affinity, although
the binding pocket of thg-adrenergic receptors is located
deep in the heptahelical bundle of the receptor prot&sa-(
35).

Our labeling strategy took advantage of the dependence
of the -adrenergic ligand subtype selectivity on catechol-
amine substitution at the amine function to create a more
PB2-specific ligand out off;-preferring arterenol. At this
position, the succinimidyl ester-activated fluorescent dye was
introduced via nucleophile substitution. On hippocampal
neurons, Alexa-NA showed a 1000-fold higher affinity for
B2-AR than the underivatized structure. Consistentlyk a
value of 3.864+ 0.28uM for arterenol was measured at the
B2-AR of living cells, compared to th&p value of 1.29+
0.31 nM of the fluorescent ligand. Competition experiments
lower cell upper cell with the fB1/B>-specific propranolol and the,-selective
membrane cytoplasm membrane agonist terbutaline revealed comparable competition rates.

FicURe 7: (A) Fluorescence intensity within the cytoplasm of A549 - This is proof of the3.-selective binding of Alexa-NA to the
cells measured at various time points by cell scans iz-tfieection B-AR (28, 29)

using a sharply focused laser beam~3): (gray bars) incubation
with 10 nM Alexa-NA, (white bars) incubation with 10 nM Alexa- When theKp values of 1.29+ 0.31 nM for the neurons

NA and 1uM terbutaline, and (black bars) preincubation with 1 and 5.98+ 1.62 nM for the A549 cells are compared, high-
uM a-hederin for 24 h followed by an incubation with 10 nM  affinity binding is seen to be present in both cases, with the
Alexa-NA and 1uM terbutaline. (B) Cell scan overlay after 20 gjfference therein possibly being the result of the differing

min (n = 3): (@) incubation with 10 nM Alexa-NA, ¥) incubation " : :
With(10 nl\/? Age))<a-NA and M terbutaline, and¢) gr)eincubation compositions of th@-receptor populations. The hippocampal

with 1 M a-hederin for 24 h and a second incubation with 10 nm neurons have a lower content @freceptors, in agreement

time

fluorescence intensity [KHz]

Alexa-NA and 1uM terbutaline. with a low Bnax (5.96 + 0.27 nM), corresponding to a
receptor densitydy) of 4.5um? for the Alexa-NA binding
nalization after a following incubation with 10M terbuta- and a calculated number of binding sites on the cell surface

line, which is in good aggrement with both the results of approximately 2700 receptors/cell. Quantitative autorad-
obtained from the FCS binding studies and the cell scansiography of §;- and f,-adrenergic receptors in distinct

(Figure 8D). hippocampus regions revealBgf, ratios between 6.5:3.5
for CA3 (rostral) and 9:1 for CA1 (caudal) and different
DISCUSSION receptor levels of22 and 76.5 fmol/mg of protein36).

The higher receptor densitpAssg) of 19.94+ 2.0 um=2 for

The aim of this paper was to investigate dynamic processesthe pulmonary cells in the preconfluent stage, which is
of the B,-adrenergic receptoiB¢-AR) on living cells fol- equivalent to a total of approximately 12 000 receptors/cell,
lowing ligand binding, by means of FCS. For this purpose, was also confirmed on this order of magnitude by Stern and
arterenol was coupled with Alexa 532 and used for the Kunos @8).
studies as a fluorescently labeled ligand (Alexa-NA) with a  In both cell models, the binding of Alexa-NA to thik-
specific binding affinity for the8>-AR. The high photosta- AR was seen in the course of the FCS experiments in three
bility, high quantum yield, and good aqueous solubility of different diffusion coefficients. In addition to the free,
Alexa-NA are advantageous for FCS measurements on livingunbound ligand with @gee of (2.114 0.04) x 1076 cné/s,
cells because it is necessary, due to the expected autofluotwo distinct mobilities of recepterligand complexes were
rescence, which is caused by the membrane components ofound. First, the complex with a diffusion coefficiemMynqg)
the cell and the low concentration of ligands that are used of (5.234 0.64) x 108 cn¥/s at the neurons and (2.88
in binding studies, to obtain a sufficiently high fluorescence 1.72)x 1078 cn¥/s at the A549 cells most likely corresponds
signal through the labeled ligangg). Incubation with 1 nM to the lateral mobility of the receptetigand complex
Alexa-NA and the hippocampal neurons resulted in a signal- localized in caveolae of the cell membrane, because it was
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Ficure 8: Confocal laser scanning images of the immunocytochemical detection g,#R (green fluorescence) on the A549 cells.
Distribution of the,-AR on nonincubated cells (A), incubation with M terbutaline (B), preincubation with the antagonistic propranolol
(10 uM), following incubation with 10uM terbutaline (C), and preincubation with M o-hederin, following incubation with 1@M
terbutaline (D). Phalloidin was used as a counterstain to visulize the F actin cytoskeleton.

Table 1: Binding Parameters of Alexa-NA and Kinetic Data of Recegtggand Complexes in Different Cell Types

Kp (nM) on (no. of receptorg/m?) Dbound1(C?/s) Dbound2(C?/s) Kon (ST NM™1)
hippocampal neurons 1.290.31 4.5+0.9 (5.23+0.64)x 10°8 (6.05+ 0.23)x 10°1° 0.49+ 0.03
A549 cells 5.98+ 1.62 19.9+ 2.0 (2.88+ 1.72)x 108 (1.01+ 0.46)x 1079 0.124+ 0.02

shown that restings,-ARs are found mainly in caveolae,
e.g., in myocytes 41). In FRAP experiments, slower
diffusion coefficients were found for th&-AR fused with
green fluorescent protein (GFA) & 4—12 x 10°° cn¥/s)
(39) or occupied with an NBD-labeled agonif®? & 1.4 x
107° cn¥/s) (31), whereas caveolae, associated with GFP-

governed by a higher-order kinetic model and reached its
maximum at the neuron membranes and A549 cells after
~5 and ~15—-20 min, respectively. A similar restricted
diffusion behavior on hippocampal neurons was found for
the GABAa receptor D = 1.40 x 107° cn¥/s) (11) and
benzodiazepine receptob (= 2.63 x 10710 cm¥/s) after

tagged caveolin-1 fusion proteins, exhibited a diffusion
coefficient O) of 1.0 x 1071° cni/s (40). However, the
diffusion behavior of microdomains depends on the com-
position of the lipid bilayer and the size of the microdomain
(41, 42). Recently, in domain-forming giant unilamellar
vesicles (GUVs), the key role of cholesterol in tuning the
membrane lipid mobility was demonstraté&®b); Native lipid
rafts 50 nm in size diffuse fasted(~ 1078 cn¥/s), whereas

agonist binding 7). It is known that, following ligand
binding, activate@,-ARs move out of caveola®®). These
receptor-ligand complexes are then subject to regulation,
which leads to endocytotic internalization via clathrin-coated
pits, after a preliminary phosphorylation and subsequent
binding to the adaptor proteiyfsarrestin, dynamin, and AP-2
(44—46). Thus, we attribute the component with restricted
mobility observed in FCS experiments to a recept@and

clustered microdomains, often bound to the cytoskeleton andcomplex population, which, in the course of regulation after
physiologically observed to trigger signaling cascades, exhibit ligand binding, is subject to these processes. To confirm the

a hindered mobility 43).

The slowerf-AR—Alexa-NA complex with aDpound2 Of
(6.054 0.23) x 10 °cn/s (neurons) and Bipeung20f (1.01
+ 0.46) x 10°° cmé/s (A549 cells) is clearly restricted in its
mobility in the cell membrane. During incubation, the
occurrence of recepteligand complexes wittDypoungz iS

attribution of the diffusion coefficients, co-incubation was
performed with forskolin. Forskolin activates the adenylyl
cyclase, which results in phosphorylation of tfieAR
through GRK2 and consequently induces receptor internal-
ization without previous ligand bindingt{). Accordingly,

the co-incubation of Alexa-NA with forskolin in the FCS
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experiment demonstrated that the receptor population with
free lateral mobility drops in the cell membrane and that the

population of the receptetligand complex with hindered

mobility, which is subject to regulatory processes, increases.

Internalization of the,-AR was furthermore confirmed

by cell scans in the-direction through A549 cells using 10

nM Alexa-NA alone and in a co-incubation with AM

terbutaline. In these experiments, the integrated fluorescence
intensity of the cytoplasm increased by 87% in the presence
of 1 uM terbutaline, which clearly demonstated the agonistic

stimulation and internalization of th&-AR. Whereas the

number of internalized receptors dropped after 20 min during
the incubation of Alexa-NA with A549 cells, the co-
incubation with terbutaline revealed a constantly high intra-
cellular fluorescence intensity during the whole incubation
period of 60 min. Obviously, the intense terbutaline stimula-
tion prevented the receptor recycling process in terms of re-
uptake of thes,-AR into the cell membrane which subse-
quently leads to a decrease in the intracellular fluorescence
intensity. Consistent with the notion that the low-mobility
fraction of the f-AR corresponds to receptor molecules
which undergo endocytosis, a preincubation for 24 h with

the saponin compound:-hederin (1 uM) inhibited the
terbutaline-stimulated internalization of tjfe-AR by 87%

after 20 min, in agreement with the fact that saponins are
cholesterol-complexing agents and that cholesterol depletion

is known to inhibit receptor internalizatio2§—26).
Also in FCS experiments,-hederin exhibited an inhibition

of f-AR internalization in A549 cells. As a consequence,

the level of binding of 4 nM Alexa-NA to A549 cells
increased from 55.2 5.7 to 63.0+ 3.2%. The correspond-

ing autocorrelation curve and the quantification of the
different diffusion time constants revealed a decrease in the
receptor-ligand complexryound2by 55% and an increase in

Thound1 DY 26%. Obviouslyp-hederin led to a redistribution

of receptor-ligand complexes with hindered mobility to
receptor-ligand complexes with free lateral mobilty which
may explain the inhibition of the regulatory processes after
receptor occupation. Immunofluorescence studies confirmed
this finding by a decreased occurrence of receptor aggrega- 17.
tion within the cell membrane and a reduced number of
clustered receptors as part of early endosomes after endocy- 8
tosis. Althougha-hederin did not show any affinity for the
B2-AR in FCS binding studies, a similar influence on the
regulatory process analogues to the antagonistic propranolol

was found in laser scanning microscope investigations.
With this work, different dynamics of5,-adrenergic

receptor-ligand complexes on living cells were described.
Binding-dependent dynamics of receptor systems can be
obtained simultaneously by FCS, which may lead to a better
understanding of subcellular mechanisms of receptor regula- 22
tion and signaling, especially under stimulating and inhibiting

conditions.
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