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Summary. Previous studies utilizing the fluorescence of propanoc-
lol as a probe for the beta-adrenergic receptor showed that this
receptor is motionally constrained. To further study the beta-
adrenergic receptor in situ we have reinserted rhodamine-labeled
beta-receptors into cell membranes. This report presents docu-
mentation of their insertion and physiologic viability. Beta-re-
ceptors were purified by affinity chromatography (10,000-fold),
then fluorescently labeled with tetramethyl rhodamine isothiocy-
anate, repurified (55,000-fold) and incubated with rat pancreatic
islet cells. The binding of 3H-dihydroalprenolol by these cells
was increased from a By, of 168 = 2 to 309 = 20 fmol/mg protein
with no change in K, Various treatments which remove periph-
eral membrane proteins, ¢.g. NaOH, lithium diiodosalicylate,
and trypsinization, did not alter binding by the cells with inserted
receptors indicating that the receptors inserted into cell mem-
branes. In islet cells treated with Koshland's reagent I, beta-
adrenergic binding was completely abolished, but following
incubation with isolated beta-receptors. the cells bound
beta-adrenergic radioligand with a B, of 100 fmol/mg protein,
indicating functionality on the part of the inserted receptors.
Furthermore, insertion of isolated receptors into frog erythro-
cytes resulted in increased production of cAMP in response to
added isoproterenol. In pancreatic islet cells, incubation with
labeled receptors caused the fluorescence to shift in wavelength
with increased intensity indicating a shift from an aqueous to a
lipid environment, probably into the membrane. Using fluores-
cence (P), it was found that the inserted receptors became mo-
tionally constrained to a P of 0.38 (limiting P, = 0.42) during the
first 15 min, remaining so for at least 2 hr. Colchicine (5 pg/ml)
caused a decrease in P to 0.18 indicating release of constraint.
Isoproterenol (10-° M) caused a rapid decrease to £ = 0.15. This
effect was blocked by propranolol. Propranolol itself (10-5 M)
had no effect. These results indicate that the labeled receptors
rapidly insert into cell membranes and also support the view that
agonist activation of the receptor causes an increase in receptor
mobility, presumably due to release of constraint from cytoskel-
eton elements.
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Introduction

Our recent studies have been directed at the influ-
ence of the beta-adrenergic receptor on several bio-

logic systems, namely chloride transport (Cherksey
& Zadunaisky, 1981) and insulin secretion
(Cherksey, Zadunaisky & Altszuler, 1982). The in-
teraction of the beta-receptor with its associated
adenylate cyclase has been studied extensively and
various models to explain the mechanism of the in-
teraction have been proposed (Cuatrecasas, 1974;
Tolkovsky & Levitski, 1978; Cherksey, Zadunaisky
& Murphy, 1980; Rodbell, 1980; Cherksey & Zadu-
naisky, 1981; Cherksey et al., 1983). Although the
models are based on premises which should be ex-
perimentally verifiable, such studies have been lim-
ited by the inability to observe the receptor directly
or to monitor its behavior under varied conditions.
Our previous studies demonstrated that the intrinsic
fluorescence of the beta-adrenergic antagonist, pro-
pranolol, served as a useful probe for the beta-adre-
nergic receptor (Cherksey et al., 1980; Cherksey &
Zadunaisky, 1981). This approach permitted the
monitoring of receptor events under a variety of
experimental conditions and revealed that the re-
ceptor is motionally constrained, presumably by el-
ements of the cell cytoskeleton. More recent stud-
ies by others have strengthened this conclusion
(Henis et al., 1982).

The use of propranolol as a probe does not al-
low monitoring of events induced by the beta-adre-
nergic agonists or by other antagonists as these
would displace propranolol from the receptor. To
circumvent these limitations, studies were under-
taken to solubilize and purify the receptor protein,
covalently label it at loci other than at the binding
site, and to attempt to reinsert the labeled protein
into cell membranes. Methods for the purification of
the beta-adrenergic receptors to apparent homoge-
neity have been described (Shorr, Lefkowitz &
Caron, 1981), and the purified receptor protein has
been reinserted into Xenopus erythrocyte mem-
branes (Cerione et al., 1983) via a vesicle fusion
technique. Our approach differed from the previous
studies in that we used a direct insertion technique.
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In the present studies, it was our goal to insert only
a limited number of receptors into the cell mem-
brane so that the newly inserted fluorescent recep-
tors would act as reporters of the larger native re-
ceptor population and also would not alter
significantly the existing balance between alpha-
and beta-adrenergic receptors.

The pancreatic islet cells were chosen as the
substrate for our studies because their beta-adrener-
gic status has been extensively studied (Cherksey et
al., 1982, 1983; Cherksey & Altszuler, 1984) and the
present studies would subsequently provide a basis
to study the relationship between adrenergic recep-
tor status and a well-characterized physiologic
function, namely insulin secretion. In a number of
experiments, the frog erythrocyte, the cell origin of
the isolated beta-receptors, was also studied.

The present data reveal that a purified beta-ad-
renergic receptor has been fluorescently labeled
with tetramethyl rhodamine isothiocyanate with no
alterations in its binding properties. Furthermore,
these labeled receptors retained significant function
following insertion into whole cells.

The fluorescence studies indicate that the in-
serted receptors become motionally constrained in
the cell membrane. The constraint is released by
cytoskeleton disruption and also by the beta-ago-
nist, isoproterenol. These results confirm and ex-
tend our previous studies and further strengthen the
concept that interaction of an agonist with a beta-
adrenergic receptor results in mobility of the recep-
tor.

Materials and Methods

MATERIALS

pL-Propranolol, (+)-isoproterenol, (=)-isoproterenol, (—)-alpre-
nolol, digitonin, collagenase, trypsin, lithium diiodosalicylate,
oligomycin, cytochrome ¢, colchicine, bovine serum albumin,
polyethylene glycol 6000 and DEAE-cellulose were obtained
from Sigma Chemical Co.; D-propranolol and L-propranolol were
obtained from Ayerst; vinblastine and vincristine from Eli Lilly,;
Sepharose CL-4B and Sephadex G-50 from Pharmacia; tetra-
methyl rhodamine isothiocyanate and dithiothreitol from Re-
search Organics; Koshland’s Reagent I (5-hydroxy 2-nitrobenzyl
bromide) was obtained from Pierce; *H-dihydroalprenolol (spe-
cific activity 55 Ci/mmol) and cyclic AMP assay kits were from
Amersham. All other chemicals were reagent grade or better.

RECEPTOR SOLUBILIZATION

Bullfrog (R. catesbeiana) erythrocyte membrane fragments were
prepared as previously described (Cherksey et al., 1980). Eryth-
rocytes were lysed in hypotonic buffer and centrifuged at 40,000
x g for 40 min. The pellet was resuspended in Ca**-free Ringer’s
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solution and recentrifuged at 40,000 x g for 40 min. This washing
procedure was repeated three additional times. The membranes
were then frozen until material from 20 to 40 frogs had been
collected, representing 200-ml packed red cells starting material.
The frozen membranes were thawed and pooled. The extent of
subsequent purifications was assessed using the binding of *H-
dihydroalprenolol to the membrane preparation.

Prior to further purification, membranes were layered over
a bed of 25% sucrose and centrifuged at 5000 X g for 20 min.
Binding activity and protein content of the supernatant were
determined and the supernatant was taken for further purifica-
tion. The supernatant was centrifuged at 40,000 X g for 40 min
and the pellet was resuspended in 150 ml of Ca**-free frog Ring-
er’s containing 1% digitonin and incubated for 4 hr with stirring
at 23°C. The solution was then centrifuged at 40,000 X g for 1 hr.
The supernatant was further purified using an affinity gel of al-
prenolol-Sepharose 4B (Caron et al., 1979). The digitonin solubi-
lized material was first desalted on a column of Sephadex G-50
equilibrated with (mMm): 100 NaCl, 10 Tris HCI, 0.5 dithiothreitol
(pH 7.4). The desalted soluble extract was reacted batchwise
with 50 to 60 ml of alprenolol-Sepharose gel and cycled twice
through the affinity gel as described (Shorr et al., 1981). Samples
were taken at each step for determination of protein and binding
activity. At this point, the preparation exhibited an approxi-
mately 10,000-fold enhancement in binding activity. The protein
solution was then concentrated to a volume of 3 to 5 ml by
dialysis against polyethylene glycol 6000 flakes. Protein concen-
tration ranged from 40 to 100 ug/ml as determined by Lowry
assay (Lowry et al., 1951) using bovine serum albumin as the
standard.

RECEPTOR BINDING ASSAYS

The binding activity of the membrane preparation was deter-
mined via a filter binding assay previously described (Cherksey
et al., 1982), utilizing *H-dihydroalprenolol as the radioligand.
Incubations were performed in 1.0 ml volumes containing 0.5 ml
of membrane suspension (0.5 to 1.0 mg/ml protein), 0.2 ml *H-
ligand and either 0.3 ml of buffer or of a displacing ligand. Incu-
bations were for 30 min at 23°C in triplicate.

After incubation, each tube was rapidly filtered under vac-
uum through Whatman GF/A glass fiber filters (24 mm) pre-
washed with insulin which was found to reduce nonspecific bind-
ing to the filters. The filters were washed five times with buffer,
dried under vacuum and placed in scintillation vials containing
0.7 ml water and 10 ml Liquiscint® (National Diagnostics, Som-
merville, N.J.). In each experiment, nonspecific binding of the
ligand to the cells and/or membranes was determined by measur-
ing the binding of the ligand to the cells in the presence of 1073
and 10-¢ M propranolol. Two concentrations of propranolol were
utilized to assure the validity of the nonspecific binding measure-
ment.

The binding of *H-dihydroalprenolol to the solubilized re-
ceptors was determined using a polyethylene glycol precipitation
method (Venter, Fraser & Harrison, 1980). Protocols similar to
those described for membranes and cells were utilized. After a
30-min incubation, 600 ug of gamma globulin in a volume of 50 ul
was added to each tube, followed by the addition of 1 ml of 30%
polyethylene glycol 6000, giving a final polyethylene glycol con-
centration of 15%. The tubes were incubated for 2 hr at 4°C with
shaking. Fach tube was then rapidly filtered under vacuum
through Whatman GF/A glass fiber filters (24 mm) prewashed
with insulin. The filters were washed twice with 2 ml volumes of
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5% polyethylene glycol, dried under vacuum and placed in scin-
tillation vials containing 0.7 ml water and 10 ml Liquiscint. Spe-
cific binding was determined in a similar manner as described for
membrane binding.

RHODAMINE LABELING

Tetramethyl rhodamine isothiocyanate (TRITC) was conjugated
to the receptor protein using a dialysis method (Blakeslee &
Baines, 1976). The receptor protein (1 ml, 40 to 100 ug, deter-
mined via Lowry assay) was added to 4 ml of 0.08 m borate
buffer (pH 9.3) containing 0.4 M NaCl and 0.05% digitonin and
placed in a dialysis bag. Three mg of TRITC in 0.2 ml DMSO
were added to 100 ml 0.08 M borate buffer (pH 9.3) containing
0.1% digitonin. The receptor protein was dialyzed against this
solution for 12 hr at 4°C with three changes of buffer. The rho-
damine-labeled protein was then chromatographed on DEAE-
celluiose (2.5 x 18 cm) at a flow rate of 5 ml/15 min. Five-ml
fractions were collected and protein content, rhodamine fluores-
cence and binding activity were determined. Fractions contain-
ing both rhodamine fluorescence and binding activity (typically
fractions 20 to 40) were pooled and the volume reduced to 2 ml
by dialysis against polyethylene glycol 6000 flakes.

In order to verify that the rhodamine had reacted to form a
covalent bond to the receptor protein, aliquots of the preparation
were set aside and rechromatographed one week later. The elu-
tion profile obtained was identical to the original substantiating
that the rhodamine label was covalently linked to the protein,
Prior to further studies, the receptor preparations were further
purified by a third step of affinity chromatography against the
alprenolol-Sepharose gel, which resulted in a 55,000-fold purifi-
cation of the receptor. Electrophoresis (Laemmli, 1970) on a
uniform 10% SDS-polyacrylamide gel revealed a broad band
with an apparent molecular weight (relative to the mobility of
known standards) of 55,000 to 68,000 and a second minor band of
27,000. These results are similar to those previously reported
(Shorr et al., 1981; Stiles et al., 1983).

ISLET CELL PREPARATION

The pancreas was obtained from male Sprague-Dawley rats (225
to 300 g). The islets were obtained by the sedimentation method
of Lacy and Kostianovsky (1967). The islets were cultured for 24
to 48 hr and cells obtained as previously described (Cherksey &
Altszuler, 1984). The protein content of the cell suspension was
determined by the method of Lowry et al. (1951) and ranged from
0.5 to 1 mg/ml. Cell viability was determined by the trypan blue
dye exclusion test and only material in which at least 90% of the
cells were viable was used for further studies.

RECEPTOR INSERTION

The receptor protein solution obtained from the third cycle of
Sepharose-alprenolol gel affinity chromatography was dialyzed
for 24 hr against four changes of 10 mm Tris HCI/100 mm NaCl
(pH 7.4). The dialysate was then chromatographed on Sephadex
G-50 followed by chromatography on DEAE-cellulose. The pro-
tein-containing fractions were pooled and the concentration re-
duced to 2 ml by dialysis against polyethylene glycol 6000 flakes.
The protein concentration of this solution ranged from 0.1 to 4
pug/ml. The purified receptor preparation was then incubated
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with intact whole cells. Cells were prepared in Hank's solution at
a protein concentration of 50 ug/ml. One m! of the purified recep-
tor preparation was added to 10 mi of the cell solution and incu-
bated for 1 hr at room temperature with gentle mixing. At the end
of this time, the solution was centrifuged at 2000 rpm for 10 min
to obtain the cells, which were resuspended in Hank’s solution
and recentrifuged. This procedure was repeated two additional
times before the cells were used for further studies. In all experi-
ments, cells carried through the centrifugation and washing steps
but without added receptor protein were utilized as controls.

RECEPTOR LOCALIZATION EXPERIMENTS

To determine if the rhodamine-labeled receptors had actually
inserted into the membrane environment or were associated with
the membrane as peripheral proteins, both whole cell prepara-
tions and membrane preparations were subjected to treatments
which are known to reveal peripheral membrane proteins. Pan-
creatic islet cells were initially incubated with the rhodamine-
labeled receptors as described above and the cells were then
lysed by placing the cells in a hypertonic buffer (10x Krebs-
bicarbonate, pH 7.4) followed by homogenization with two
strokes of a Teflon® pestie at 500 rpm. Lysis of the cells was
confirmed by microscopic examination. The homogenate was
then centrifuged 4000 x g for 20 min at 4°C. The pellet was
discarded and the supernatant which contained the membrane
fragments was placed on a bed of 25% sucrose and recentrifuged
at 20,000 X g for 30 min. The supernatant from this step was
recentrifuged at 37,000 x g for 30 min and the pellet was taken
for study of its beta-adrenergic binding. Cells which had not been
preincubated with rhodamine-labeled receptor were also sub-
jected to the above procedure and served as controls.

The cells were also subjected to a number of chemical and
enzymic treatments. Both control and rhodamine-labeled recep-
tor-incubated cells were subjected to reaction with the enzyme
trypsin at a concentration of 25 ug/ml in a Ca**-free Tris-HCl
buffer (50 mM Tris, pH 7.4) containing 5 mm EDTA. The prepa-
rations were incubated for 5 min at 37°C. The cells were then
washed with the Tris buffer and binding of the beta-adrenergic
radioligand 3H-dihydroalprenolol was determined. In other ex-
periments, cells were treated with the detergent lithium diiodosa-
licylate at a concentration of 40 mm at 37°C for 30 min. The cells
were then washed five times with Tris buffer, resuspended in 50
mM Tris-HCV/5 mm MgCl, and *H-dihydroalprenolo]l binding de-
termined. Additionally, cells were treated with 0.1 N NaOH for
30 min. This treatment was found to be particularly harsh and
destroyed the integrity of the cells. In order to determine beta-
binding to the NaOH-treated material, membranes were ob-
tained. The preparation was first centrifuged at 37,000 X g, then
resuspended into hypotonic buffer (5 mm Tris-HCI, pH 7.4), ho-
mogenized with five strokes of a Teflon® pestle at 500 rpm. The
homogenate was centrifuged at 37,000 X g for 30 min and the
resulting pellet was resuspended into 50 mm Tris-HCl/35 mwm
MgCl,. 3H-dihydroalprenolol binding to the preparation was then
determined.

Lastly, cells were subjected to chemical modification of the
membrane proteins by the reagent 5-hydroxy-2-nitrobenzyl bro-
mide (Koshland’s Reagent I) which is known to alter beta-recep-
tor binding (Cherksey, Murphy & Zadunaisky, 1981). To chemi-
cally modify the beta-receptors, the cells were incubated, in a
1-ml volume, with 106 M Koshland’s reagent for 30 min at 25°C,
in the dark. The cells were then washed five times with 50 ml of 5
mM Tris-HCI to remove any residual reagent. The cells were
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Table 1. Purification of frog erythrocyte B-receptor

Step Yield Overall Binding  Purifi-
for yield activity cation
step (pmol/mg  (-fold)

protein)

Frog erythrocyte

membrane fragments 100 100 0.14 1

Membranes after

centrifugation on 90 90 0.3 2
sucrose bed

Digitonin-solubilized

protein 70 56 0.95 6.7

First alprenolol-gel

batch-step 55 30 100 740
Second alprenolol-gel

batch-step 40 12 1500 10,700
Final alprenolol-gel 25 3 9000 55,000

then incubated with the rhodamine-labeled receptors and radioli-
gand binding was determined. In an additional series of experi-
ments, cells were reacted with Koshland’s reagent in concentra-
tions ranging from 10 9 to 10 ° M, using the above protocol.
One-half of the cells were then incubated with rhodamine-Jabeled
receptors as previously described. Cyclic AMP accumulation
with isoproterenol stimulation was determined as described be-
low. Dose-response curves were then constructed. In all experi-
ments, normal cells were carried through the procedures to serve
as controls.

CAMP DETERMINATION

Cyclic AMP was determined in frog red blood cells and attempts
were made to determine cAMP in pancreatic islet cells using our
previously described procedures (Mendelsohn, Cherksey & De-
gnan, 1981). The levels of cAMP in the pancreatic islet cell prep-
aration were below the detection limits of the assay. The cAMP
levels were determined by suspending the frog red blood cells in
buffer containing 5.6 mm glucose and 1-ml aliquots of the cell
suspension were placed into easy assay tube containing 30 mm
theophylline in a 0.5-ml volume giving a final theophylline con-
centration of 10 mm. The cells were incubated for 15 min follow-
ing which 50 ul isoproterenol was added to give final concentra-
tions ranging from 1075 to 10~* M and the incubation continued
for an additional 30 min. The tubes were then placed in a boiling
water bath for 10 min, centrifuged at 47,000 X g for 30 min and
the supernatant saved for cAMP assay. Results were calculated
on the basis of cell number, determined by counting the cell
suspension in a hemocytometer.

FLUORESCENCE MEASUREMENTS

Fluorescence excitation and emission spectra were obtained for
the rhodamine-labeled receptors in solution and during incuba-
tions with cells and membrane preparations. In each experiment
the background fluorescence for the cells or membranes was
determined and was subtracted from the experimental values
obtained later for the same preparation. Rhodamine-fabeled re-
ceptor protein (0.1 to 4 ug/ml) was then added directly into the
quartz fluorescence cell and fluorescence excitation and emis-
sion spectra were obtained. Although it has been shown previ-
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ously that correction for an inner-filter effect is not significant
when the total optical absorbance of the sample in the cuvette is
below 0.4 units at the excitation maximum of rhodamine
(Cherksey et al., 1980), we chose to make all measurements at an
optical absorbance of less than 0.1 units. In all experiments,
appropriate corrections were made for inner-filter effects (Christ-
mann et al., 1980).

Fiuorescence spectra were obtained on a modified Aminco
Bowman SPF spectrofluorometer. High-voltage was supplied by
an auxiliary regulated power supply and output could be quanti-
tated externally on a fast picoammeter (Keithly instruments,
Cleveland, Ohio). Steady-state fluorescence depolarization was
examined with the aid of Glan prism polarizers mounted in both
the excitation and the emission beams. Polarization corrections
for the monochrometer were determined with a solution of N-
phenyl-1-naphthylamine in spectrograde isooctane (Weber,
1972). Polarization spectra were examined for scattering by ex-
amination of serial dilutions of the whole cell and of the mem-
brane preparations and extrapolation of all observed depolariza-
tions to infinite dilution. The limiting polarization of the
rhodamine-labeled beta-receptors was determined by examina-
tion of the depolarization of the preparation in glycerol/water
solutions of known viscosity at 26°C. The observed polarizations
were extrapolated to infinity viscosity (Vanderkooi et al., 1974).
This procedure yielded a value for the limiting polarization P, of
the rhodamine-labeled receptors of P, = 0.42.

CALCULATIONS

The results of the binding assays were expressed as Scatchard
plots (Scatchard, 1949). Log dose-response curves were ob-
tained for the cyclic AMP accumulation studies. Hofstee plots
and Hill coefficients were obtained for the data. The data were
tested by computer analysis of the curves using nonlinear least-
squares curve fitting (Munson & Rodbard, 1980).

Fluorescence intensities were available as peak heights di-
rectly from the spectra. All spectra were corrected for back-
ground fluorescence and for inner-filter effects. Fluorescence de-
polarization was calculated in the manner described by Weber
(Weber, 1953):

L~ I

p= I+ 1c

where P is the observed polarization, I, is the fluorescence inten-
sity with the polarizers parallel, I is the fluorescence intensity
with the polarizers perpendicular and ¢ is the monochrometer
correction factor.

Because the relationship of the rhodamine-labeled receptor
and the membrane lipids is unclear, it would not be valid to
reduce these data to microviscosities (Yguerbide, 1972). It is
preferable to utilize the more phenomenological polarization ra-
tio which has been demonstrated (Dale, Chen & Prand, 1977) to
be a satisfactory indicator of microenvironment.

Results

The results obtained for the receptor solubilization
using batch methods were similar to those obtained
for this receptor as reported by other groups (Caron
et al., 1979; Shorr et al., 1981). These results are
summarized in Table 1.

Prior to any purification

steps, *H-dihy-
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Fig. 1. Scatchard plot of the binding of *H-dihydroalprenolol to
purified beta-adrenergic receptors. Solid line represents binding
to affinity gel purified receptor preparation. Dotted line repre-
sents binding to rhodamine-labeled receptor preparation. Differ-
ences in Scatchard plots are not statistically significant indicating
that rhodamine labeling of receptor has little effect on ligand
binding

droalprenolol binding (By.,) to the frog red blood
cell membrane fragments was determined to be 140
fmol/mg of membrane protein. Centrifugation of the
membrane fragments over a bed of 50% sucrose at
15,000 X g for 20 min increased the binding to 300
fmol/mg protein. The digitonin extract was found to
bind 950 fmol/mg protein. The most dramatic en-
hancement in the binding activity was found after
the first stage of batch processing: the binding was
100 pmol/mg protein, which is a 100-fold greater
binding activity than with the digitonin-solubilized
material. The preparation from the second step of
batch processing bound 1500 pmol/mg protein.

The Scatchard plot of the *H-dihydroalprenolol
binding to receptor protein after the second stage of
alprenolol-gel purification is shown in Fig. 1. As
shown in Fig. 1, the preparation exhibited an affin-
ity (Kz) of 0.4 = 0.1 nM with a By,, of 1500 = 97
pmol/mg protein representing an approximately
10,000-fold enhancement in binding activity
(Cherksey et al., 1980). Also shown in Fig. 1 is the
Scatchard plot for the specific binding of *H-dihy-
droalprenolol to the rhodamine-labeled receptors.
The rhodamine label appeared to have little effect
on either the K, or the B, of the receptors. As
described in Materials and Methods, prior to further
studies this preparation was subjected to an addi-
tional step of batch-processing against the alpreno-
lol-gel, yielding a 55,000-fold final purification. This
is comparable to the results previously reported for
this preparation after three cycles of affinity chro-
matography using batch processing methods (Shorr
et al., 1981).
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Fig. 2. Elution of rhodamine-fabeled beta-receptors from
DEAE-celtulose column (2.5 x 20 cm). Major peak (fractions 25
to 35) is due to rhodamine-labeled receptors. These fractions
were pooled and concentrated for further studies. (Solid line,
rhodamine fluorescence; broken line, tryptophan fluorescence)
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Fig. 3. Comparison of binding of *H-dihydroalprenolol to normal
pancreatic islet cells (O----O) vs. islet cells incubated with iso-
lated beta-receptors (@—@®). Specific binding was found to in-
crease from 168 to 309 fmol/mg protein. This additional binding
was not removed by extensive washing, lysis, 0.1 N NaOH, or 40
mM lithium diiodosalicylate mild trypsinization

The elution profile of the rhodamine-labeled
beta-receptors from the DEAE-cellulose column is
shown in Fig. 2. Both the rhodamine and the protein
co-clute in fractions 25 to 35, provided evidence
supporting covalent labeling of the protein. Al-
though the stoichiometry of the rhodamine labeling
cannot be obtained with absolute certainty, it may
be estimated from the quantum yields of the recep-
tor tryptophan and from that of rhodamine. Assum-
ing a value of 0.8 for the quantum yield of rho-
damine and 0.15 for tryptophan, it is estimated that
the stoichiometry of labeling is 0.75-0.85 to 1 ver-
sus a theoretical maximum of 1: 1.

Figure 3 shows the Scatchard plot obtained for
the binding of *H-dihydroalprenolol to the pancre-
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Table 2. Binding of B-adrenergic ligand? to incubated cells
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Condition Intact Lysed® LIS NaOH¢ HNBBe® Trypsin®
Control (7)® 168 = 2 250 = 2 150 = 8 250 = 22 0 102+ 9
Incubated with

receptors {7} 309 = 20 475 £°5 265 = 10 368 = 15 100 = 12 275 £ 15

a Radioligand-*H-dihydroalprenolol; B, in fmol/mg protein.

b Cells homogenized with two strokes of Teflon® pestil, at 500 rpm, lysis confirmed microscopically; homogenate then centrifuged at
20,000 X g for 30 min over 25% sucrose. Assay performed on membrane fragments in supernatant.

¢ 40 mm lithium diiodosalicylate; 30-min incubation.
40.1 N NaOH; 30-min incubation.

¢ Koshland’s Reagent I, 10-6 M; 30-min incubation; cells washed five times prior to assay.
f Incubated in Ca**-free medium, trypsin 25 ug/m/EDTA 5 mu for S min at 37°C, centrifuged and resuspended in Krebs-bicarbonate.

¢ Number of experiments; Mean * sp.

atic islet cells. Specific binding to the beta-receptors
of this preparation was found to exhibit a K, of 1.23
+0.19 nM and a By, of 168 = 2 fmol/mg protein, in
agreement with previously reported values
(Cherksey et al., 1982, 1983). The Hill coefficient
obtained from these data was less than unity. This is
in agreement with previous studies of binding to
these cells (Cherksey & Altszuler, 1984). The sec-
ond Scatchard plot (solid line) shown in Fig. 3 was
obtained when 108 to 10° cells were incubated with
the rhodamine-labeled receptors (0.1 to 4 ug/ml) in
25 ml with gentle stirring. Comparison of the plots
indicates that the K, for *H-dihydroalprenolol is es-
sentially the same, while the cells incubated with
the labeled receptors exhibit a significantly en-
hanced binding (Buax) of 309 £ 20 fmol/mg protein.
The Hill coefficient calculated from these data was
also less than 1. Similar results were also obtained
when the receptors were incubated with frog eryth-
rocytes (Bmax = 320 fmol/mg protein). Washing of
the cells four times after incubation with receptors
did not significantly alter this result.

Additional procedures to determine the cellu-
lar location of the rhodamine-labeled receptors
were performed. These included lysis of the cells
followed by differential centrifugation, mild tryp-
sinization, treatment with lithium diiodosalicy-
late, treatment with NaOH, and reaction with
Koshland’s reagent 1.

Lysis of the cells would be expected to remove
receptors which are not in the membrane, but would
also cause a loss of total protein, with a resultant
increase in By, since the latter value is expressed
on the basis of tissue protein. Pancreatic islet cells
were homogenized after incubation with receptors,
with two strokes of a Teflon® pestle at 500 rpm, in
hypertonic buffer (10X Krebs-bicarbonate) and the
resulting homogenate was then centrifuged over
25% sucrose at 20,000 x g for 30 min. The superna-
tant was centrifuged at 37,000 X g for 30 min and

the resulting pellet was resuspended in 50 mm Tris
buffer. Binding of 3H-dihydroalprenolol to the
membrane fragments was then determined. As
shown in Table 2, lysis followed by centrifugation
increased binding in both control and incubated
cells. The control value of By, was 250 = 2 fmol/mg
protein while the incubated cells exhibited a By, of
475 = 5 fmol/mg protein.

Also shown in Table 2 are the results obtained
when normal and receptor-incubated cells were
treated with trypsin (25 pg/ml) and EDTA (5 mMm)
for 5 min at 37°C in Ca**-free medium. The tryp-
sinized normal cells exhibited a reduction in bind-
ing to 102 = 9 fmol/mg protein from the control
value of 168 = 2 fmol/mg protein. The receptor-
incubated cells exhibited a reduction from 309 = 20
to 275 + 15 fmol/mg protein. Although results for
normal and incubated cells seem to differ, statistical
analysis utilizing a two-tailed Student’s ¢-test indi-
cated no statistical difference at the 0.05 level, pre-
sumably due fo the large standard deviations ob-
tained for the binding to trypsinized preparations.

The physiological viability of the inserted re-
ceptors was tested using isoproterenol to stimulate
cAMP production by receptors inserted into the
normal red cell membrane. The cAMP response
was determined as previously described. The eryth-
rocytes were used because their cAMP response
was sufficient for detection with our cAMP assay,
whereas islet cell cAMP was below the limits of
detection for the assay. As shown in Fig. 4, the
added receptors enhanced the cAMP response to
isoproterenol stimulation, the differences at all con-
centrations being statistically significant, using the
two-tailed Student’s r-test. If must be noted, how-
ever, that the curves for the control and cells with
reinserted receptors are not identical in shape, pos-
sibly indicating altered behavior by the added re-
ceptors. To test the possibility that the enhanced
responses of cAMP were due to a nonspecific per-
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Fig. 4. Comparison of isoproterenol-stimulated cAMP produc-
tion by normal frog red blood cells (@) and cells preincubated
with isolated beta-receptors ((J). Frog erythrocyte cells which
contain added receptors exhibit a 1 to 2 order of magnitude
greater sensitivity to isoproterenol and also higher peak levels of
cAMP

turbation of the cells, the effects of incubation of the
cells with other proteins and with a less purified
receptor preparation were tested. Neither albumin
nor oligomycin had an effect on isoproterenol-stim-
ulated cAMP production while preincubation with
cytochrome ¢ produced a small decrease in cAMP
production. The solubilized membrane material
taken from the first batch process step also en-
hanced the cAMP response, which on an equal
weight basis was intermediate (but not proportional)
between control and cells with reinserted purified
receptors.

To further document that the increased sensi-
tivity of the receptor-incubated cells was due to the
added receptors, the native receptors in cell mem-
brane were first reacted with Koshland’s Reagent
and then incubated with receptors. As is shown in
Fig. 5, reaction of cells with Koshland’s reagent at a
concentration of 107% M shifted the dose-response
curve for cAMP production by isoproterenol stimu-
lation two orders of magnitude to the right and also
reduced the maximal response of the cells. Addition
of receptor cells after reaction with Koshland’s re-
agent restored the responsiveness of the cell to iso-
proterenol stimulation.

In another series of experiments, the fluores-
cence intensity and steady-state depolarization of
the rhodamine were monitored as the labeled recep-
tors were incubated with islet cells. When 0.1 ug of
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Fig. 5. Cells reacted with HNBB (Koshland’s Reagent 1) were
incubated with rhodamine-labeled receptors as described in Ma-
terials and Methods, and isoproterenol-stimulated cAMP accu-
mulation was determined. Reaction of cells with 108 M HNBB
shifted the dose-response curve (O) two orders of magnitude to
the right as compared to unreacted control cells (@). Incubation
of reacted cells with receptor protein returned the responsive-
ness of the cells (A)

RHODAMINE - LABELED
BETA - RECEPTORS

60 F—
RECEPTORS RECEPTORS

+CELLS

RELATIVE FLUORESCENCE INTENSITY

| 1 | |
650 600 550 500 450

WAVELENGTH, nm

Fig. 6. Excitation spectra of rhodamine-labeled beta-receptors
in absence and presence of cells, Addition of cells shifted the
excitation maxima from 560 to 540 nm

the rhodamine-labeled beta-receptors were incu-
bated with cells (50 wg/ml protein), the fluorescence
was significantly intensified and shifted in wave-
length. The excitation maximum shifted from 560 to
540 nm (Fig. 6) and the emission wavelength from
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Fig. 7. Emission spectra of rhodamine-labeled beta-receptors in
absence and presence of cells. Addition of cells cause a shift in
the emission maxima from 585 to 565 nm with a significant in-
crease in fluorescence intensity

585 to 565 nm (Fig. 7). Figure 8 shows the fluores-
cence polarization when measured at an excitation
wavelength of 540 nm and an emission wavelength
of 565 nm. During the first 15 min after addition of
the labeled receptors, the fluorescence polarization
increased to 0.42,which is the limiting polarization
value. This value was maintained during the 2-hr
period of observation.

Addition of propranolol (107 M) had no effect
on the fluorescence polarization (Fig. 9). Addition
of colchicine (5 ug/ml) decreased the fluorescence
polarization after a 30-min incubation period (Fig.
10), which is typical of this drug. Additional experi-
ments utilizing the colchicine-like drugs vincristine
and vinblastine produced similar results. Figure 11
shows that addition of 1073 M (—)-isoproterenol pro-
duced an immediate, sharp decrease in the polariza-
tion, but this effect was not produced by (+)-isopro-
terenol. Addition of 107¢ M pL or L-propranolol
blocked the decrease in polarization produced by
(—)-isoproterenol, but 107% M p-propranolol did not.

Discussion

The ability to remove receptors from the cell mem-
brane, label them and finally insert them into a
physiologically or biochemically active system
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Fig. 8. Fluorescence polarization of rhodamine-labeled beta-re-
ceptors incubated with pancreatic islet cells. Immediately after
addition of 0.1 ug rhodamine-labeled receptor protein, fluores-
cence polarization is minimal but is seen to increase with time.
At 15 min the polarization has approached the limiting polariza-
tion (P,) indicating virtually complete rotational constraint.
Upon association of the receptor with the islet cells, the fluores-
cence intensity increased and underwent a blue shift

would provide a powerful tool to study receptor
function. Isolation, solubilization and purification
of receptor proteins has now been reported by a
number of laboratories. The crucial subsequent step
is the reinsertion of the receptors into a cell mem-
brane and documentation of its physiological viabil-
ity. In the case of the beta-adrenergic receptors,
two approaches have been used, one involving the
preinsertion of the receptor into lipid vesicles and
then fusing the vesicles with the cell membrane
(Eimerl, Neufeld, Korner and Schramm, 1980; Pe-
derson & Ross, 1982; Cerione et al., 1983), and the
other involving direct insertion of the receptors, as
was done here. The vesicle fusion technique is
highly efficient in adding receptor protein into the
cell membrane. Such insertion of beta-receptors
into the red blood cells of Xenopus, which do not
normally possess beta-receptors, increased the ca-
pability of these cells to generate cyclic AMP (Ce-
rione et al., 1983).

We have utilized the direct insertion approach
for several specific reasons. Such direct insertion of
receptors introduces only a small number of recep-
tors into the cell membrane, allowing them to act as
reporters of the larger native receptor population.
Furthermore this approach allowed insertion of re-
ceptors with a minimum perturbation of the mem-
brane environment. This is especially important due
to the nature of the fluorescence studies which we
conducted. Furthermore, minimal perturbation was
deemed important since our ultimate interest is to
study the physiologic status of adrenergic receptors
in specific mammalian organs. In addition, it was
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Fig. 9. Pancreatic islet cells were incubated with rhodamine-
labeled beta-receptors as described for Fig. 8. Propanolol (10~°
M) was then added at 1 = 0, The addition of beta-antagonist was
found to have no effect on polarization and thus on receptor
constraint

also desirable not to distort the existing balance be-
tween the alpha- and beta-adrenergic receptors in
the recipient membrane of the pancreatic beta-cells
since this balance is important in modulating insulin
secretion.

As evident from the experimental data, much
effort has been devoted to document the insertion
of the beta-receptor into the membrane and its lo-
calization. Firstly, it was demonstrated that the flu-
orescent label, rhodamine isothiocyanate, was at-
tached by covalent bond to the highly purified
beta-adrenergic receptor as indicated by the co-elu-
tion of the rhodamine and the protein on DEAE-
cellulose (Fig. 2). The presence of the rhodamine
molecule on the protein did not alter appreciably
the binding activity of the receptor indicating that
the attachment of the rhodamine occurred at loci
removed from the ligand binding site. Although it is
unclear that the proteins are uniformly labeled, the
estimated stoichiometry of less than 1:1 suggests
that the label is uniformly distributed.

Documentation of insertion was done in both
frog erythrocytes and pancreatic islet cells, except
when prevented by limitations of the system. Thus,
fluorescence studies were not done in the erythro-
cytes because of the interference by hemoglobin,
and cyclic AMP measurements were not performed
on islet cells because the levels were below our lim-
its of detection.

Incubation of the pancreatic islet cells with iso-
lated beta-receptors increased the beta-adrenergic
binding to the cells (Fig. 3). This is also supported
by an increase in cAMP response to isoproterencl
(Fig. 4). In order to more clearly demonstrate the
contribution of the reinserted beat-receptors, the
native beta-receptors of the cells were chemically
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Fig. 10. Islet cells incubated with rhodamine-labeled beta-recep-
tors were then treated with colchicine at a concentration of 5 ug/
ml. After a lag period characteristic of this compound, the polar-
ization was found to decrease indicating rotational mobility and
release of constraint
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Fig. 11. Effect of isoproterenol on fluorescence polarization.
Rhodamine-labeled beta-receptors were incubated with pancre-
atic islet cells as in Fig. 8. (—)-Isoproterenol (10~5 M) was added
at 7 = 0. The polarization was found to decrease rapidly indica-
ting that the beta-agonist caused a complete loss of rotational
constraint (solid line). This effect was blocked by L-propranolot
(dotted line) but not by p-propranolol. (+)-isoproterenol had no
effect on the fluorescence polarization

modified with Koshland’s reagent I which irrevers-
ibly reacts with the amino acid tryptophan. This
reagent has been shown (Cherksey et al., 1981) to
alter the structure of the beta-receptor binding site
and prevent binding. Such treatment completely
eliminated beta-adrenergic binding (Table 2) but,
when these cells were then incubated with rho-
damine-labeled beta-receptors, binding activity was
returned to 100 fmol/mg. Since the effect of
Koshland’s is irreversible, this increased binding is
attributed to the newly inserted receptors. Attempts
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to alter the binding of the beta-adrenergic ligand to
the cells using N-ethylmaleimide (NEM) were
found to be ineffective, perhaps due to the fact that
NEM was found to react not with the receptor pro-
tein itself but possibly with the nucleotide regula-
tory protein (Cherksey, 1984). The increased re-
sponse to isoproterenol of red cells with added
receptors (Fig. 4) indicates that the added receptors
are physiologically viable. At the lower concentra-
tions of isoproterenol, the control and receptor-in-
cubated cells exhibited parallel curves for increased
cAMP formation but the curves diverged at higher
drug concentrations. The reason for this is not
clear. The dose-response curves which we have ob-
tained in the present study are similar to those pre-
viously reported (Cerione et al., 1983) for cAMP
production by red cells from Xenopus when recep-
tors had been reinserted using a vesicle fusion tech-
nique. The ability of the inserted receptors to return
isoproterenol responsiveness to cells after treat-
ment of the cells with Koshland’s reagent (Fig. 5)
provides further evidence that the newly inserted
receptors are functionally incorporated into the
membrane.

Localization within the membrane of the in-
serted receptors in the present study was verified in
a number of different ways. The results obtained
upon lysis of the cells followed by centrifugation
indicate that the labeled receptors remained in the
membrane fractions and thus were not simply taken
up by the cell into the cytoplasm or into cell organ-
elles.

It is not surprising that the receptor protein
would re-enter the lipid environment of the cell
membrane upon reduction of the detergent concen-
tration. The structure of the receptor protein un-
doubtedly includes lipophilic regions to stabilize
normal lipid-protein interactions (Tanford, 1982).
Here, reduction of the digitonin concentration
would favor, thermodynamically, the reinsertion of
the lipophilic protein into the membrane or out of
the aqueous environment, although the existence of
a kinetic (energy) barrier might alter this result. It is
also of interest that the receptor protein has rein-
serted with its binding region facing the outside en-
vironment and hence has assumed a correct orienta-
tion both to bind adrenergic ligands and to activate
adenylate cyclase. This result suggests that the
lipid-protein interactions might be specific in nature
thereby forcing the protein into its correct orienta-
tion. Alternatively, the binding region of the protein
might represent a large enough hydrophilic region
so as to dictate the proper functional orientation of
the protein. The present results cannot distinguish
between these possibilities.

B.D. Cherksey et al.: Insertion of Fluorescent 3-Receptors

The experiments involving NaOH, lithium
diiodosalicylate, and mild trypsinization were un-
dertaken to assess the possibility that rhodamine-
labeled proteins had not actually inserted into the
cell membrane but rather were loosely associated
with the cell as peripheral rather than as integral
membrane proteins. The results obtained (Table 2)
clearly indicate that they behave as integral mem-
brane proteins. Treatment with 0.1 N NaOH or 40
mM lithium diiodosalicylate which would remove
peripheral proteins, had no significant effect on ei-
ther the native cell beta-adrenergic receptors or on
the reinserted rhodamine-labeled receptors. It is
noteworthy, however, that the amount of binding
removed by trypsin is greater in the normal cells
than in the receptor-inserted cells. Although this
difference was not statistically significant due to the
large standard deviation, it is possible that the dif-
ference is real. Thus it is conceivable that the nor-
mal cells contain two populations of beta-receptors,
one being more accessible to trysin. These could
represent the high- and low-affinity states of the re-
ceptor (Kent, Delean & Lefkowitz, 1980), or active
and inactive receptors. The new receptors may
have inserted into the region of the less-accessible
receptor population or perhaps into a less-accessi-
ble membrane region.

The present results using rhodamine-labeled re-
ceptors confirm and extend earlier findings which
utilized the fluorescence of propranolol as a probe
for the beta-adrenergic receptor (Cherksey et al.,
1980). The rhodamine-labeled receptors when
added to the islet cells became rotationally con-
strained and colchicine, vinblastine, and vincristine
released the constraint. Isoproterenol also pro-
duced a rapid release of the constraint. This effect
was found to be stereospecific in that only the phys-
iologically active (—)-isomer produced the effect of
fluorescent polarization while the (+)-isomer did
not. The effect produced by (—)-isoproterenol could
be blocked with both pL-propranolol and the active
L-isomer, but was not blocked by p-propranolol.

It is not possible to determine if the change in
fluorescence polarization produced by the adrener-
gic agonist and by colchicine represents a release of
receptors back into solution (or cytoplasm) or if the
receptors are free in the membrane lipid. The first
possibility seems unlikely as a narrow bandwidth (2
nm) was used and if the receptors left the lipid envi-
ronment the consequent shift in wavelength would
cause a reduction in fluorescence intensity, which
was not the case, The more likely explanation is
that the receptors remain in the membrane when
activated by agonists. The small difference between
the initial polarization values for the receptors in
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Fig. 12. (Upper) This figure summarizes the information that has
been obtained using fluorescence methods and illustrates possi-
ble mechanism for agonist-induced activation of adenylate cy-
clase. The receptor, containing a hydrophobic pocket to which
antagonists bind, is shown attached to the cytoskeleton either
directly to microtubules or to microtubules via microfilaments.
(Lower) After activation of the receptors by agonists, receptors
{R) diffuse away from the adenylate cyclase (AC)-nucleotide reg-
ulatory site complex () releasing inhibition and form aggregates
prior to internalization. A new receptor (r) replaces the activated
receptor. Note that figure is not to scale

lipid (Fig. 6) and after release (Fig. 11) may repre-
sent an agonist-induced, and hence physiological,
alteration in the lipids (Strittmatter, Hirata & Ax-
elrod, 1979). Alternatively, it may represent a
movement of the receptor protein in the membrane
in a manner which permits more of the protein to be
in the aqueous environment possibly due to release
of cytoskeletal constraint.

A number of models have been suggested to
account for the interaction of the beta-adrenergic
receptor and its associated adenylate cyclase and
nucleotide regulatory protein (Tolkovsky &
Levitski, 1978; Rodbell, 1980; Braun, Tokovsky &
Levitski, 1982; Swillens, 1982). The present study
neither supports nor invalidates these models.
However, as proposed earlier (Cherksey et al.,
1980; Cherksey & Zadunaisky, 1981) and depicted
in Fig. 12, an alternate, albeit speculative, model is
suggested. The cytoskeleton normally maintains a
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fixed spatial relationship between the receptor and
its effector subunits, forming a complex which is
inactive in the basal state. Antagonists may bind at
the hydrophobic site of the receptor and stabilize
this inactive complex. Binding of agonist or hor-
mone destabilizes the complex resulting in the re-
lease of the receptor from the cytoskeleton thus al-
lowing activation of the adenylate cyclase by the
nucleotide regulatory protein. Further studies will
be necessary to determine the sequence of interac-
tions between the specific components of cytoskele-
ton-receptor complex.
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