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ABSTRACT: Plasmon-waveguide resonance (PWR) spectroscopy is an optical technique that can be used
to probe the molecular interactions occurring within anisotropic proteolipid membranes in real time without
requiring molecular labeling. This method directly monitors mass density, conformation, and molecular
orientation changes occurring in such systems and allows determination of protein-ligand binding constants
and binding kinetics. In the present study, PWR has been used to monitor the incorporation of the human
â2-adrenergic receptor into a solid-supported egg phosphatidylcholine lipid bilayer and to follow the binding
of full agonists (isoproterenol, epinephrine), a partial agonist (dobutamine), an antagonist (alprenolol),
and an inverse agonist (ICI-118,551) to the receptor. The combination of differences in binding kinetics
and the PWR spectral changes point to the occurrence of multiple conformations that are characteristic of
the type of ligand, reflecting differences in the receptor structural states produced by the binding process.
These results provide new evidence for the conformational heterogeneity of the liganded states formed
by theâ2-adrenergic receptor.

G-protein coupled receptors (GPCRs)1 represent a physi-
ologically and pharmacologically important class of integral
membrane proteins (1). These receptors respond to a diverse
array of endogenous ligands such as hormones, neurotrans-
mitters, and peptides, as well as to exogenous stimuli such
as light, odor, and taste (2, 3). Although GPCRs differ widely
in their physiological roles, they share a common structural
feature consisting of seven transmembrane helical segments
connected by alternating intracellular and extracellular loops,
with the amino terminus on the extracellular side and the
carboxy terminus on the intracellular side. Theâ2-adrenergic
receptor (â2-AR) is one of the most well characterized
members of the rhodopsin family (family A) of GPCRs (4-
6). This receptor is activated by endogenous catecholamines
(epinephrine and norepinephrine) and is an important phar-
maceutical target for pulmonary and cardiovascular diseases.
Synthetic ligands that bind to theâ2-AR have a broad
spectrum of functional properties including full agonists,
partial agonists, neutral antagonists, and inverse agonists.

Molecular events in anisotropic systems, such as the
activation of membrane receptors associated with ligand
binding and subsequent structural changes, are difficult to
characterize due to the complexity of the dynamic confor-

mational changes that occur. Conventional fluorescence
techniques and single molecule spectroscopy have been used
to study the process of agonist activation in theâ2-AR (7-
9). For the humanδ-opioid receptor, plasmon-waveguide
resonance (PWR) spectroscopy has been employed to probe
the structural events following the binding of various classes
of ligands (agonists, antagonists, and inverse agonists) in real
time and without requiring any molecular labeling (10, 11).
These studies demonstrated distinguishable receptor confor-
mational states following the binding of different classes of
synthetic opiate ligands.

Figure 1 illustrates the application of PWR spectroscopy
to the characterization of such systems. PWR spectral
changes produced upon receptor incorporation into a pre-
formed lipid bilayer deposited upon the surface of the
plasmon resonator, as well as those produced by subsequent
ligand binding, reflect changes in mass density and mass
distribution, the latter caused by changes in structural
anisotropy. Inasmuch as the molecular weights of the ligands
used in this study are all quite similar (range∼250-350),
differences in the magnitudes of the angular shifts forp-
ands-polarized resonances caused by the binding of various
ligands must be due to differences in the proteolipid
membrane structures thereby produced. It should also be
noted that the kinetics of such spectral changes can reveal
the presence of intermediate structural states. This approach
has now been extended to the humanâ2-AR, and new
evidence for conformational and kinetic heterogeneity has
been obtained.

MATERIALS AND METHODS

Preparation and Purification of the Receptor.DNA
sequences encoding the humanâ2-adrenergic receptor,
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epitope-tagged at the amino terminus with the cleavable
influenza-hemagglutinin signal sequence followed by the
“FLAG” epitope (IBI, New Haven, CT) and tagged at the
carboxyl terminus with six histidines, were cloned into the
baculovirus expression vector pVL1392 (Invitrogen, San
Diego, CA) (12). This construct was cotransfected with
linearized BaculoGold DNA into Sf9 insect cells using the
BaculoGold transfection kit (Pharmingen, San Diego, CA).
For purification, the cells were grown in 1000 mL cultures
in SF 900 II medium (Gibco, Grand Island, NY) supple-
mented with 5% (v/v) fetal calf serum (Gemini, Calabasas,
CA) and 0.1 mg/mL gentamicin (Boehringer Mannheim,
Mannheim, Germany). Cells were infected with a 1:30-40
dilution of a high titer virus stock at a density of 3.5-5.5×
106 cells/mL and harvested after 48 h by centrifugation (10
min at 5000g). The cell pellets are kept at-70 °C until used
for purification. Receptor was purified using a two-step
purification procedure. One to two pellets of Sf9 cells from
1000 mL infected cultures were resuspended in lysis buffer
[10 mM Tris-HCl, pH 7.4, with 1 mM EDTA, 10µg/mL
benzamidine (Sigma), 10µg/mL leupeptin (Boehringer
Mannheim, Germany), and 0.2 mM phenylmethanesulfonyl
fluoride (Sigma)]. Following centrifugation (20 min at
30000g), the lysed cells were resuspended in solubilization
buffer [20 mM Tris-HCl, pH 7.4, with 1.0%n-dodecylâ-D-
maltoside (NDM) (Anatrace), 100 mM NaCl, 10µg/mL
benzamidine, 10µg/mL leupeptin, 0.2 mM phenylmethane-
sulfonyl fluoride, and 10µM alprenolol (Sigma)], subjected

to 25 strokes from a Dounce homogenizer, and then stirred
for 2 h at 4°C. The solubilized receptor was purified by
chromatography using M1 Flag antibody affinity resin
(Sigma) and alprenolol affinity chromatography as described
(12). Approximately 5 nmol of pure protein (17 nmol/mg;
theoretical is 20 nmol/mg) generally could be obtained from
a 1000 mL culture.

Formation of a Solid-Supported Lipid Bilayer.Generation
of a self-assembled solid-supported lipid membrane involves
the spreading of 2µL of lipid bilayer-forming solution [8
mg/mL egg phosphatidylcholine in butanol/squalene (93:7)]
across a Teflon orifice which separates the silica waveguide
surface from the aqueous phase (10 mM Tris-HCl containing
0.5 mM EDTA and 10 mM KCl at pH 7.3) in the PWR cell
(13, 14). The hydrophilic SiO2 surface is covered with a thin
layer of water of condensation (15, 16) and attracts the polar
groups of the lipid molecules with the hydrocarbon chains
oriented toward the bulk lipid phase, which induces an initial
orientation of the lipid molecules. The next step involves
addition of aqueous buffer into the sample compartment of
the PWR cell, which results in formation of a plateau-Gibbs
border that anchors the membrane to the Teflon spacer. This
border allows membrane flexibility wherein the lipid mol-
ecules can get displaced or recruited upon insertion of a
membrane protein or as a result of ligand-induced protein
conformational changes. In the present system, the average
thickness of such a bilayer before protein incorporation is
∼5.5 nm, including the hydrated lipid headgroups (17). Lipid
was purchased from Avanti Polar Lipids (Birmingham, AL).
All experiments were done at ambient temperature.

PWR Spectroscopy.The PWR instruments used for these
experiments were Aviv Alpha prototype and Beta version
devices obtained from Proterion Corp. (Piscataway, NJ), both
having a spectral resolution of 1 mdeg. The principle of PWR
spectroscopy has been described extensively elsewhere (13,
18, 19). Briefly, resonant excitation by polarized light from
a CW laser (λ ) 632.8 or 543.5 nm) passes through a glass
prism whose hypotenuse is coated with a metal film (Ag)
and a SiO2 waveguide overcoating under total internal
reflection conditions. Excitation of surface plasmons creates
an evanescent electromagnetic field localized at the outer
surface of the waveguide layer, which is used to probe the
optical properties of the molecules immobilized at this
surface. Depending on the incident light polarization, reso-
nances can be achieved in either the perpendicular (p) or
the parallel (s) direction relative to the bilayer surface. This
allows the characterization of anisotropic systems, such as
integral membrane proteins incorporated in the lipid bilayer
(10, 14, 17, 20). PWR has an advantage over conventional
SPR studies, which can use onlyp-polarized excitation and
therefore cannot provide information such as anisotropy
changes due to structural transitions.

A PWR spectrum is obtained by plotting the reflected light
intensity as a function of the incident angle and can be
described by three parameters: the angular position, the
width, and the depth. The spectrum is determined by the
refractive index (n), extinction coefficient at the excitation
wavelength (k), and the sample thickness (t). Although these
optical parameters can be obtained by fitting the PWR spectra
to Maxwell’s equations applied to thin film assemblies (18,
19, 21), the present report will be limited to the qualitative
aspects of the protein-ligand interactions.

FIGURE 1: Application of PWR spectroscopy to membrane systems.
Changes in properties (thickness, refractive indices, anisotropy) of
a lipid bilayer (a) upon insertion of an integral membrane protein
receptor (b) and upon binding of a ligand (c) that causes orientation
or conformation changes in the receptor. Note thatp- ands-polarized
refractive indices can change differently depending upon the
anisotropic nature of the structural changes, resulting in different
patterns of spectral shifts and amplitude changes. Thickness and
anisotropy changes are due to protein extending beyond the edges
of the lipid bilayer and to changes in protein structural asymmetry,
respectively.
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RESULTS

â2-Adrenergic Receptor Incorporation into a Solid-Sup-
ported Lipid Bilayer.â2-AR molecules were incorporated
into a preformed lipid bilayer deposited on the hydrophilic
silica surface (see Materials and Methods) by addition of
small aliquots of a concentrated solution of the protein
dissolved in 30 mM octyl glucoside detergent-containing
buffer to the aqueous volume of the sample cell. This dilutes
the detergent to a final concentration below its critical micelle
concentration (25 mM for octyl glucoside), which results in
a spontaneous transfer of the receptor molecules from the
micelles into the bilayer. Insertion of a membrane-spanning
protein such as a receptor results in the hydrophobic portion
of the protein localizing within the bilayer interior and the
peripheral portions of the protein extending outside the
membrane on each side of the bilayer to form extramembrane
protein layers in contact with the aqueous medium (17, 20).
This produces an increase in the thickness of the bilayer as
well as refractive index changes, which result in PWR
spectral changes. In these experiments, thek parameter is
due largely to scattering effects, inasmuch as the PWR
excitation wavelengths are not absorbed by any of the sample
components. Figure 2 shows PWR spectra obtained forp-
ands-polarized exciting light for a lipid membrane prior to

and after incorporation of increasing amounts of solubilized
receptor. Any alprenolol that was bound to the receptor for
stabilization during the purification procedure was removed
after receptor incorporation by washing the proteolipid
membrane with buffer solution before addition of aliquots
of a given ligand. This process could be monitored by
changes in the PWR spectra (not shown). Note that the depth
and angular position of the PWR spectrum are both
influenced by the incorporation of the integral membrane
receptor protein. This is a consequence of both mass density
and structural changes in the membrane. That these structural
changes are anisotropic is shown by the fact that the
directions of the PWR amplitude changes are opposite in
sign forp- ands-polarizations. This is a consequence of the
asymmetric (i.e., cylindrical) structure of the inserted recep-
tor, which is uniaxially oriented within the lipid bilayer (cf.
Figure 1).

PWR Spectral Changes Occurring upon Binding Different
Ligands to the Receptor.Changes in PWR spectra caused
by receptor-ligand interactions are shown in Figures 3 and
4. These reflect alterations in then and t values of the

FIGURE 2: â2-Adrenergic receptor incorporation into a solid-
supported lipid bilayer. PWR spectra of receptor molecules dis-
solved in an octyl glucoside containing buffer and incorporated into
an egg phosphatidylcholine bilayer by detergent dilution are shown
for both s- (upper panel) andp- (lower panel) polarization. Final
receptor concentration in the bulk solution is 0 (curve 1), 2 nM
(curve 2), 6 nM (curve 3), and 14 nM (curve 4). Aqueous buffer in
the sample cell was 10 mM Tris-HCl containing 0.5 mM EDTA
and 10 mM KCl at pH 7.3.

FIGURE 3: Agonist-induced changes in PWR spectra. PWR spectra
of â2-adrenergic receptor incorporated into an egg PC lipid bilayer
before and after agonist ligand addition. Buffer conditions are as
in Figure 2. Magnitudes of spectral shifts are given in Table 1.
Upper panel: Spectrum obtained before (curve 1) and after (curve
2) addition of the full agonist (-)isoproterenol (bulk concentration
) 4 µM) to the aqueous sample cell for boths- (left panel) andp-
(right panel) polarization after equilibration. Middle panel: Spec-
trum obtained before (curve 1) and after (curve 2) addition of the
full agonist epinephrine (bulk concentration) 5 µM) for s- (left
panel) andp- (right panel) polarization after equilibration. Bottom
panel: Spectrum obtained before (curve 1) and after (curve 2)
addition of the partial agonist dobutamine (bulk concentration) 3
µM) for s- (left panel) andp- (right panel) polarization after
equilibration.
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proteolipid membrane resulting from mass increases and/or
changes in conformation (10, 11, 14, 17). In what follows
we summarize the qualitative aspects of the spectral changes
associated with agonist, partial agonist, inverse agonist, and
neutral antagonist interactions with the membrane-boundâ2-
AR.

As can be seen from the spectra in Figures 3 and 4, all of
the ligands used here cause shifts in the PWR spectra to
larger angles upon binding to the receptor. Differences in
the magnitudes ofs- andp-polarized resonance shifts (see
Table 1) reflect differences in the anisotropic nature of the
structural perturbations. As pointed out above, all of these
ligands have very similar masses, so that differences in
spectral behavior are due mainly to differences in structural
changes in the proteolipid membrane induced by ligand
binding. Furthermore, differences in the kinetic behavior of
the structural responses are seen between the various types
of ligands included in this study (see below).

Concentration Dependence of Ligand Binding to the
Incorporated Receptor.Addition of successive aliquots of a
ligand solution to the sample cell resulted in changes in the

resonance spectra caused by binding to the incorporatedâ2-
AR. Ligand binding was observed to be dose-dependent and
stereospecific. The concentration dependence can be il-
lustrated by plotting the resonance position shifts as a
function of the bulk concentration of the added ligand
(Figures 5 and 6). The magnitudes of the shifts produced by
ligand binding under saturation conditions (cf. Figures 3 and
4) are given in Table 1. Binding constants obtained by fitting
the concentration dependence data to a hyperbolic function
are given in Table 2 and are compared with literature values
obtained using radiolabeling methods. In most cases (dob-
utamine is an apparent exception), the agreement is satisfac-
tory considering the large ranges observed. Control experi-
ments in which these ligands were added to a preformed
lipid membrane in the absence of the receptor showed no
measurable effects on PWR spectra, indicating that nonspe-
cific binding was not observed in these experiments. The
effects on the PWR spectra of the different classes of ligands
used in this study, i.e., the full agonists (-)isoproterenol and
epinephrine, the partial agonist dobutamine, the antagonist

FIGURE 4: Effect of inverse agonist and antagonist binding on PWR
spectra. PWR spectra ofâ2-adrenergic receptor incorporated into
an egg PC lipid bilayer before and after inverse agonist and neutral
antagonist addition. Buffer conditions are as in Figure 2. Magnitudes
of spectral shifts are given in Table 1. Upper panel: Spectrum
obtained before (curve 1) and after (curve 2) addition of the inverse
agonist ICI-118,551 (bulk concentration) 2.5 nM) for s- (left
panel) andp- (right panel) polarization after equilibration. Lower
panel: Spectrum obtained before (curve 1) and after (curve 2)
addition of the neutral antagonist alprenolol (bulk concentration)
2.5 nM) for s- (left panel) andp- (right panel) polarization after
equilibration.

Table 1: Magnitudes of Spectral Shifts for Ligand Binding to the
â2-ARa

ligand s-shifts (mdeg) p-shifts (mdeg)

(-)isoproterenol 12( 1 9 ( 1
epinephrine 12( 1 17( 2
dobutamine 9( 1 13( 1
ICI-118,551 26( 1 14( 2
alprenolol 9( 1 13( 1

a Data from Figures 3 and 4.

FIGURE 5: Binding curves for agonist interaction withâ2-adrenergic
receptor. PWR spectral shifts obtained after ligand addition toâ2-
adrenergic receptor incorporated into an egg PC lipid bilayer for
s-polarization (closed circles) andp-polarization (closed squares).
Buffer conditions are as in Figure 2. Panel A: Addition of aliquots
of the full agonist (-)isoproterenol to the aqueous compartment.
The solid lines indicate hyperbolic fits to the data with theKD values
given in Table 2. The effect of displacing the bound ligand at 2
µM concentration from the receptor by washing with buffer (open
symbols) is shown. Panel B: Addition of aliquots of the full agonist
epinephrine to the aqueous compartment. The solid lines indicate
hyperbolic fits to the data with theKD values given in Table 2.
Panel C: Addition of aliquots of the partial agonist dobutamine to
the aqueous compartment. The solid lines indicate hyperbolic fits
to the data with theKD values given in Table 2. Washing with
buffer after ligand saturation (open symbols) is shown.
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alprenolol, and the inverse agonist ICI-118,551, are sum-
marized below.

Full Agonists Isoproterenol and Epinephrine.The con-
centration dependence of PWR spectral shifts (s- and
p-polarization) upon addition of aliquots of the strong full
agonist (-)isoproterenol to the aqueous compartment is
plotted in Figure 5A. Note that the magnitude of the shifts
for s-polarization was greater than forp-polarization, indica-
tive of anisotropy changes in the proteolipid membrane (cf.
Figure 1). These can be ascribed to changes in the molecular
orientation of lipid and protein molecules within the mem-
brane as well as to protein conformation changes. Ligand
binding was saturable and could be fit with a hyperbolic
function. The binding constants derived from these data were
consistent with those obtained from conventional competition
binding assays (Table 2), indicating that native behavior was
observed.

As shown in Figure 5A, the spectral effect of displacing
the bound ligand from the receptor by washing with buffer
was different fors- andp-polarization (open circles). Thus,
the observed angular position obtained after washing cor-
responded to almost the unliganded receptor value for the
p-polarized resonance, whereas thes-polarized resonance was
only partially shifted back to its original value. This implies
that although the drug could be washed out, the structural
state produced by the bound ligand did not revert to its
original conformation, thereby leaving the receptor in an
altered structure. The agonist-induced spectral changes could
also be partially reversed by addition of the high-affinity
neutral antagonist alprenolol after isoproterenol binding,
without prior washing out of the agonist, consistent with what
has been observed in previous studies (8). It is also possible
that the partial structural reversibility was due to interference
by the resonator-bilayer interface with the conformational
change associated with ligand removal. We consider this to
be unlikely since, as will be shown below, full reversibility
was obtained with other ligands. Binding of the physiologi-
cally less active stereoisomer (+)isoproterenol to the receptor
produced only insignificant spectral changes when added
over the same concentration range as the (-) isomer (data
not shown). This demonstrates the stereospecificity of the
binding process.

Addition of the full agonist epinephrine to the incorporated
receptor resulted in an increase in angular position for
p-polarization that was larger than that fors-polarization
(Figure 5B), which is different from the shifts obtained for
the full agonist (-)isoproterenol (Table 1). This also indicates
a change in anisotropy in the proteolipid membrane as a
result of drug interaction, although the structural change was
different from that produced by isoproterenol. The binding
constant obtained from these data is given in Table 2.

Partial Agonist Dobutamine.The weak partial agonist
dobutamine behaved similarly to the full agonist epinephrine,
in that there was a larger shift for thep-polarized resonance
than for s-polarization (Figure 5C). The binding constant
values obtained from a hyperbolic fit to the data are given
in Table 2. After saturation of the receptor with this ligand,
washing with buffer resulted in reversal of the angular
positions for boths- andp-polarized resonances to almost
the unliganded angular position (Figure 5C), indicating
virtually complete return to the original receptor conforma-
tion.

To summarize, among the agonists, there is a distinct
difference in the pattern of angular shifts upon ligand binding,
even between the full agonists (-)isoproterenol and epi-
nephrine, as well as with the partial agonist dobutamine. This
is indicative of differences in the anisotropy changes induced
in the proteolipid membrane by these ligands, reflecting
differences in receptor recognition of the specific ligand
molecules and conformational heterogeneity in the different
receptor states produced.

Neutral Antagonist Alprenolol.Addition of increasing
concentrations of the neutral antagonist alprenolol resulted
in larger shifts for thep-polarized resonance compared to
s-polarization (Figure 6A). This is similar to the patterns
observed with the partial agonist dobutamine, suggesting that
similar conformational states of the proteolipid membrane
were produced. The binding affinity values are presented in
Table 2. The bound ligand could be washed off by buffer,

FIGURE 6: Binding curves for inverse agonist and antagonist
interaction withâ2-adrenergic receptor. PWR spectral shifts obtained
after ligand addition to theâ2-adrenergic receptor incorporated into
an egg PC lipid bilayer fors-polarization (closed circles) and
p-polarization(closed squares). Buffer conditions are as in Figure
2. Panel A: Addition of aliquots of the neutral antagonist alprenolol
to the aqueous compartment. The solid lines indicate hyperbolic
fits to the data with theKD values given in Table 2. Washing with
buffer after ligand saturation (open symbols) is shown. Panel B:
Addition of aliquots of the inverse agonist ICI-118,551 to the
aqueous compartment. The solid lines indicate hyperbolic fits to
the data with theKD values given in Table 2.

Table 2: Equilibrium Dissociation Constants Obtained for Ligand
Binding to the Incorporatedâ2-AR

KD

ligand s-polarization p-polarization
binding

affinity (KI)a

(-)isoproterenol 0.15( 0.01µM 0.30( 0.02µM 0.07-0.3µM
epinephrine 0.7( 0.3µM 0.6 ( 0.2µM 0.4-4.3µM
dobutamine 0.22( 0.05µM 0.24( 0.03µM 1.4-2.3µM
ICI-118,551 0.12( 0.01 nM 0.27( 0.08 nM 0.2-1.2 nM
alprenolol 0.9( 0.1 nM 0.5( 0.1 nM 0.11-3 nM

a See refs29-34.
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resulting in reversion of the angular positions to their original
values with boths-andp-polarized excitation light. This also
suggests structural reversal.

InVerse Agonist ICI-118,551.The addition of aliquots of
the inverse agonist ICI-118,551 to the membrane-boundâ2-
AR produced significantly larger positive shifts fors-
polarized resonances relative top-polarization than were
observed for any of the other ligands (Table 1, Figure 6B).
This indicates a larger degree of anisotropy in the structural
changes in the proteolipid membrane produced by binding
this ligand to the receptor. Also note the larger decrease in
the spectral amplitude of thes-polarized resonance compared
to thep-polarized resonance observed for this ligand relative
to the others (cf. Figure 4), again reflecting the formation of
a different structural state. The binding data could be fit with
a hyperbolic function with binding constants as given in

Table 2. Bound drug could be washed from the receptor by
buffer, which resulted in almost complete return of the
spectrum to the unliganded angular position (not shown),
again indicating structural reversibility.

Kinetics of PWR Spectral Changes Induced by Ligand
Binding.Upon addition to incorporated receptor at saturating
concentrations, all classes of ligands showed distinctly
different kinetic behavior for the spectral changes occurring
upon binding to theâ2-AR. Kinetic measurements were done
both at 10µM ligand concentrations and 100µM concentra-
tions for agonists and at 10 and 100 nM concentrations for
the antagonist and inverse agonist to ensure that the ligands
completely occupied the receptor binding site in all cases.
Both low and high ligand concentrations yielded similar
kinetic behavior, and only data obtained with the lower
concentrations will be shown below. It should be pointed
out that the kinetic plots shown here represent only the initial
stages of the time course of the spectral shifts. In all cases,
there was an additional slower component that resulted in
the final equilibrium shift values displayed in Figures 3-6.
This is not included in Figures 7-9.

The time course of the spectral shifts fors-polarization
for the full agonist (-)isoproterenol is plotted in Figure 7A.
An initial very rapid shift to lower incident angles occurred
upon ligand binding (within the time resolution of the
instrument), followed by a subsequent slow decrease in
resonance angle position and a still slower resonance angle
increase, with equilibrium being reached in about 15 min.
This multiphasic kinetic pattern clearly indicates the occur-
rence of at least three intermediate states during the binding
process. Although all of these can reflect different conforma-
tions of the receptor-lipid system, the possibility also exists
that one of the slower phases was due to the ligand moving
across the bilayer and binding to receptors that were oriented
with their ligand binding site facing the resonator surface.
This requires further study. An exponential fit to the slower

FIGURE 7: Kinetics of spectral shifts for agonist binding at a
saturating concentration to the receptor. Buffer conditions are as
in Figure 2. Panel A: Time course of spectral shifts fors-
polarization for the full agonist (-)isoproterenol (bulk concentration
) 10 µM). The solid line is a two-exponential fit to the data with
t1/2 values given in Table 3. Inset: Corresponding time-resolved
PWR spectra usings-polarized light. Curve 1 was obtained before
receptor incorporation; curve 2 represents the initial fast shift to
smaller angles after addition of agonist; curve 3 was obtained after
equilibrium. Panel B: Time course of spectral shifts fors-
polarization for the full agonist epinephrine (bulk concentration)
10 µM). The solid line is a two-exponential fit to the slower phases
of the data witht1/2 values given in Table 3. Panel C: Time course
of spectral shifts fors-polarization for the partial agonist dobutamine
(bulk concentration) 10µM). The solid line is a single exponential
fit to the data witht1/2 values given in Table 3.

FIGURE 8: Kinetics of reversal of agonist-induced spectral shifts.
Curves represent changes occurring upon subsequent addition of
the high-affinity neutral antagonist alprenolol (bulk concentration
) 10 µM) using s-polarization: isoproterenol (closed squares),
epinephrine (closed circles), and dobutamine (closed triangles). The
curves are shifted for comparison. The solid lines are single
exponential fits to the data witht1/2 values given in Table 3.
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data phases yielded half-times of 129 and 178 s for these
two processes (Table 3). Multiphasic agonist binding kinetics
have also been observed with theδ-opioid receptor, the
neurokinin receptor, theR2A-adrenoceptor, and a minimized
insulin receptor (10, 22-24). In the case of the opioid
receptor, we have suggested that the slow multiphasic
kinetics were a consequence of structural changes induced
in the bilayer by the receptor conformational change (10).

Figure 7B shows that binding of the agonist epinephrine
followed a similar time course fors-polarization to that
observed with isoproterenol, with a biphasic shift to lower
angles followed by a slower change to larger angles. A two-
exponential fit to the slower portions of the data yielded half-
times of 202 and 470 s, respectively (Table 3). Binding of

the weak partial agonist dobutamine (Figure 7C) appeared
biphasic, with a very rapid decrease (within the time
resolution of the instrument) followed by a slow increase
with a half-time of 149 s.

The spectral changes induced by agonist and partial agonist
binding were partially reversible by addition of the high-
affinity antagonist alprenolol. The kinetics of this reversal
are shown in Figure 8, and the corresponding half-times are
reported in Table 3. As is evident, the time course of reversal
was much faster than for the agonist-induced changes, was
monophasic, and occurred with similar half-times for all three
ligands. This suggests that the rate-limiting step may be the
binding of the antagonist to the agonist-occupied receptor;
this is consistent with the rapid structural changes induced
by antagonist binding as will be shown below.

In sharp contrast to the results for agonists, both the
direction of the resonance shifts and the time course of the
shifts for the inverse agonist ICI-118,551 depended upon the
concentration range used. At lower concentrations (<2.5 nM)
the shifts occurred in the positive direction (Figure 6B) with
a half-time fors-polarization of 600 s (not shown). For this
ligand, the time required forp-polarized resonance changes
to reach equilibrium was approximately two times that for
the s-polarized resonance (not shown). This suggests that
the time course of the structural changes was also anisotropic;
i.e., the changes occurring in the membrane plane were
slower than those occurring perpendicular to the plane of
the membrane. Even more striking, however, when an aliquot
of the ligand was added at higher concentrations (>10 nM),
the shifts occurred in the opposite direction and with much
faster kinetics. This is shown in Figure 9A. It was not
possible to obtain an accurate half-time for this latter process
inasmuch as most of the change occurred within the time
resolution of the experiment. The explanation for this unusual
behavior is not clear at present, and further studies are
required. However, it is clear that this ligand exhibited unique
binding kinetics.

Addition of the antagonist alprenolol at both low and
saturating concentrations resulted in a relatively rapid
monophasic time course of binding to the receptor (Figure
9B; half-time given in Table 3). This is similar to results
obtained with theδ-opioid receptor (10).

DISCUSSION

The spectral and kinetic results presented above have
provided direct evidence that different receptor structural
states of theâ2-AR are produced by the binding of different
ligand types. In the case of the humanδ-opioid receptor,

Table 3: Kinetic Rate Constants and Half-Times Obtained for Ligand Binding to Incorporatedâ2-AR

t1(1/2), s k1, s-1 t2(1/2), s k2, s-1 t3(1/2), s k3, s-1

ligand
(-)isoproterenol <10 <0.07 129( 11 5.4× 10-3 178( 16 3.9× 10-3

epinephrine <10 <0.07 202( 14 3.4× 10-3 470( 22 1.5× 10-3

dobutamine <10 <0.07 149( 43 4.6× 10-3

ICI-118,551 <5 <0.2
alprenolol 18( 2.1 0.04

agonist reversal by
alprenolol addition

(-)isoproterenol 8.9( 1.01 0.078
epinephrine 5.8( 1.0 0.12
dobutamine 8.6( 0.9 0.08

FIGURE 9: Kinetics of spectral shifts for inverse agonist and
antagonist binding at saturating concentration to the receptor. Buffer
conditions are as in Figure 2. Panel A: Time course of spectral
shifts for s-polarization for the inverse agonist ICI-118,551 (bulk
concentration) 10 nM). The solid line connects the data points
and does not represent a fit. Panel B: Time course of spectral shifts
for s-polarization for saturating concentrations of the antagonist
alprenolol. A single exponential fit to the data is shown as a solid
line with a t1/2 as given in Table 3.
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the addition of a given class of ligand has also been shown
to produce PWR spectral changes that are characteristic of
the ligand type (10, 11). For this receptor, agonists and
inverse agonists caused shifts for bothp- and s-polarized
resonances to larger incident angles, whereas antagonists
caused shifts forp-polarized resonances to larger angles and
s-polarized resonances to smaller incident angles. In addition,
it was shown that the kinetics of the resonance changes were
different for agonists and antagonists. Although the details
of the spectral shift results reported here for theâ2-AR system
are rather different from those observed with the opioid
receptor, the kinetic differences observed for agonists and
antagonists are similar and the same general conclusion has
been reached, i.e., that different receptor structural states are
produced by different ligand types. Thus, this may be a
general characteristic of the GPCR superfamily, although
more study is required to support such a generalization.

These studies can be compared with spectroscopic studies
in which conformational changes in theâ2-AR were detected
by a fluorophore covalently bound to Cys265 at the
cytoplasmic end of transmembrane segment 6 adjacent to a
G-protein coupling domain (8, 25). Binding of agonists and
partial agonists resulted in changes in fluorescence intensity
that correlated with the efficacy of the agonist (partial
agonists producing smaller fluorescence intensity changes
than full agonists). In contrast, no detectable changes in
fluorescence intensity were observed on binding of antago-
nists or inverse agonists (8). In the present studies, shifts in
p-polarized ands-polarized resonances were detected upon
binding to all classes of ligands. It should be noted that these
shifts correspond to the equilibrium structural states of the
entire proteolipid membrane attained after ligand binding,
whereas the fluorescence measurements largely reflect local
changes within the receptor protein. Thus, it is certainly
possible for differences to occur in these two types of
measurements. Also,in ViVo the presence of other proteins
(e.g., G-proteins), as well as differences in membrane
composition, may stabilize additional conformational states.
As a consequence, the structural changes reflected in the
PWR spectra need not be predictive of ligand efficacy.

It is also noteworthy that significant differences were
observed in the PWR spectra of isoproterenol and epineph-
rine, both full agonists that differ only in the amine
substituent (methyl for epinephrine, isopropyl for isopro-
terenol). Thus, while the structural difference between
epinephrine and isoproterenol has minimal functional con-
sequences, these agonists produced structural differences in
the â2-AR-containing membrane that were readily detected
by PWR spectroscopy.

Fluorescence lifetime studies ofâ2-AR labeled at Cys265
with fluorescein showed that the receptor is a conforma-
tionally flexible molecule. While binding of the antagonist
alprenolol did not result in a change in fluorescence intensity
or fluorescence lifetime, there was a narrowing in the
distribution of fluorescence lifetimes, suggesting a reduction
in molecular flexibility (25). In agreement with the present
PWR studies, lifetime experiments demonstrated that agonists
and partial agonists stabilize distinct conformational states
(25). These results are consistent with theoretical consider-
ations that predict GPCRs can adopt numerous conformations
with different functional properties (26-28).

As shown above, the kinetics of PWR spectral changes
for agonists and partial agonists were multiphasic, while
those for antagonists were monophasic. These results suggest
that the process of agonist binding and receptor activation
occurs through discrete conformational intermediates. This
interpretation is consistent with fluorescence lifetime experi-
ments on theâ2-AR (25). Thus, a single lifetime distribution
was observed in the unliganded receptor and antagonist-
bound receptor, whereas two lifetimes were observed in the
receptor bound to saturating concentrations of agonists and
partial agonists (25). Moreover, recent fluorescence experi-
ments have detected a biphasic conformational response to
agonists. For isoproterenol, the rapid component had at1/2

of ∼4 s and the slow component had at1/2 of ∼150 s, and
for epinephrine the values were∼5 and∼165 s (Swaminath
et al., in press). This suggests that the receptor activation by
agonists occurs through one or more kinetically distinguish-
able intermediate states. These observations are consistent
with the present PWR experiments. Also consistent with the
present results are studies of theâ2-AR receptor using single
molecule spectroscopy (9) in which at least three states were
observed for isoproterenol binding and were attributed to
stabilization of conformational substates.

CONCLUSIONS

These results have shown that PWR spectroscopy can
probe real time interactions occurring during the binding of
various ligands to a proteolipid system and can thereby
provide information concerning the structural changes of
anisotropic integral membrane proteins such as GPCRs. The
observations reported here are consistent with those obtained
using other optical spectroscopic methods, such as fluores-
cence, and provide additional evidence for multiple confor-
mational states resulting from ligand binding to theâ2-AR.
However, the fact that PWR reports on changes occurring
in both the protein and lipid components makes it comple-
mentary to information provided by these other techniques.
Extensions of these studies could include the effect of
different lipid bilayer compositions upon ligand binding to
the receptor, as well as the structural and kinetic behavior
of ligand-induced G-protein binding. Such work is presently
underway.

REFERENCES

1. Schwartz, T. W. (1996) Molecular structure of G protein coupled
receptors, inMolecular Structure of G Protein Coupled Receptors
(Foreman, J. C., and Johansen, T., Eds.) pp 65-84, CRC Press,
Boca Raton, FL.

2. Kolakowski, L. F., Jr. (1994) GCRDb: a G-protein coupled
receptor database,Recept. Channels 2, 1-7.

3. Hamm, H. E. (1998) The many faces of G-protein signaling,J.
Biol. Chem. 273, 669-672.

4. Hein, L., and Kobilka, B. K. (1995) Adrenergic receptor signal
transduction and regulation,Neuropharmacology 34, 357-366.

5. Gether, U., and Kobilka, B. K. (1998) G protein-coupled receptors.
II. Mechanism of agonist activation,J. Biol. Chem. 273, 17979-
17982.

6. Gether, U. (2000) Uncovering molecular mechanisms involved
in activation of G protein-coupled receptors,Endocr. ReV. 21, 90-
113.

7. Gether, U., Lin, S., and Kobilka, B. K. (1995) Fluorescent labeling
of purified â2-adrenergic receptor: evidence for ligand-specific
conformational changes,J. Biol. Chem. 270, 28268-28275.

Ligand Binding to theâ2-Adrenergic Receptor Biochemistry, Vol. 43, No. 11, 20043287



8. Ghanouni, P., Steenhuis, J. J., Farrens, D. L., and Kobilka, B. K.,
(2001) Agonist-induced conformational changes in the G-protein-
coupling domain of theâ2 adrenergic receptor,Proc. Natl. Acad.
Sci. U.S.A. 98, 5997-6002.

9. Peleg, G., Ghanouni, P., Kobilka, B. K., and Zare, R. N. (2001)
Single-molecule spectroscopy of theâ2 adrenergic receptor:
Observation of conformational substates in a membrane protein,
Proc. Natl. Acad. Sci. U.S.A. 98, 8469-8474.

10. Salamon, Z., Cowell, S., Varga, E., Yamamura, H. I., Hruby, V.
J., and Tollin, G. (2000) Plasmon resonance studies of agonist/
antagonist binding to the humanδ-opioid receptor: new structural
insights into receptor-ligand interactions,Biophys. J. 79, 2463-
2474.

11. Salamon, Z., Hruby, V. J., Tollin, G., and Cowell, S. M. (2002)
Binding of agonists, antagonists and inverse agonists to the human
δ-opioid receptor produces distinctly different conformational
states distinguishable by plasmon-waveguide resonance spectro-
scopy,J. Pept. Res. 60, 322-328.

12. Kobilka, B. K. (1995) Amino and carboxyl terminal modifications
to facilitate the production and purification of a G protein-coupled
receptor,Anal. Biochem. 231, 269-271.

13. Salamon, Z., Macleod, H. A., and Tollin, G. (1997) Coupled
plasmon-waveguide resonators: a new spectroscopic tool for
probing proteolipid film structure and properties,Biophys. J. 73,
2791-2797.

14. Salamon, Z., Lindblom, G., Rilfors, L., Linde, K., and Tollin, G.
(2000) Interaction of phosphatidylserine synthase from E. coli with
lipid bilayers: coupled plasmon-waveguide resonance spectro-
scopy studies,Biophys. J. 78, 1400-1412.

15. Gee, M. L., Healy, T. W., and White, L. R. (1990) Hydrophobicity
effects in the condensation of water films on quartz,J. Colloid
Interface Sci. 83, 6258-6262.

16. Silberzan, P., Leger, L., Auserre, D., and Benattar, J. J. (1991)
Silanation of silica surfaces. A new method of constructing pure
or mixed monolayers,Langmuir 7, 1647-1651.

17. Salamon, Z., Huang, D., Cramer, W. A., and Tollin, G. (1998)
Coupled plasmon-waveguide resonance spectroscopy studies of
the cytochrome b6f/plastocyanin system in supported lipid bilayer
membranes,Biophys. J. 75, 1874-1885.

18. Salamon, Z., and Tollin, G. (1999) Surface plasmon resonance:
theoretical principles, inEncyclopedia of Spectroscopy and
Spectrometry, Vol. 3, pp 2311-2319, Academic Press, New York.

19. Salamon, Z., and Tollin, G. (1999) Surface plasmon resonance:
applications, inEncyclopedia of Spectroscopy and Spectrometry,
Vol. 3, pp 2294-2302, Academic Press, New York.

20. Salamon, Z., Wang, Y., Soulages, J. L., Brown, M. F., and Tollin,
G. (1996) Surface plasmon resonance spectroscopy studies of
membrane proteins: transducin binding and activation by rhodop-
sin monitored in thin membrane films,Biophys. J. 71, 283-
294.

21. Salamon, Z., Brown, M. F., and Tollin, G. (1999) Plasmon
resonance spectroscopy: probing interactions within membranes,
Trends Biochem. Sci. 24, 213-219.

22. Palanche, T., Ilien, B., Zoffmann, S., Reck, M. Bucher, B.,
Edelstein, S. J., and Galzi, J.-L. (2001) The Neurokinin A receptor
activates calcium and cAMP responses through distinct confor-
mational states,J. Biol. Chem. 276, 34853-34861.

23. Baron, B. M., and Siegel, B. W. (1990) p-[125I]iodoclonidine, a
novel radiolabeled agonist for studying central alpha2-adrenergic
receptors,Mol. Pharmacol. 38, 348-356.

24. Schlein, M., Havelund, S., Kristensen, C., Dunn, M. F., and
Kaarsholm, N. C. (2000) Ligand-induced conformational change
in the minimized insulin receptor,J. Mol. Biol. 303, 161-169.

25. Ghanouni, P., Gryczynski, Z., Steenhuis, J. J., Lee, T. W., Farrens,
D. L., Lakowicz, J. R., and Kobilka, B. K. (2001) Functionally
different agonists induce distinct conformations in the G protein
coupling domain of theâ2 adrenergic receptor,J. Biol. Chem. 276,
24433-24436.

26. Kenakin, T. P. (2002) Efficacy at G protein coupled receptors,
Annu. ReV. Pharmacol. Toxicol. 42, 349-379.

27. Kenakin, T. P. (2002) Efficacy at G protein coupled receptors,
Nat. ReV. Drug DiscoV. 1, 103-109.

28. Kenakin, T. P. (2003) Ligand-selective receptor conformations
revisited: the promise and the problem,Trends Pharmacol. Sci.
24, 346-354.

29. Green, S. A., Cole, G., Jacinto, M., Innis, M., and Liggett, S. B.
(1993) A polymorphism of the humanâ2-adrenergic receptor
within the fourth transmembrane domain alters ligand binding
and functional properties of the receptor,J. Biol Chem. 268,
23116-23121.

30. Bilski, A. J., Halliday, S. E., Fitzgerald, J. D., and Wale J. L.
(1983) The pharmacology of aâ2-selective adrenoceptor antago-
nist (ICI-118,551),J. CardioVasc. Pharmacol. 5, 430-437.

31. Strosberg, A. D. (1997) Structure and function of theâ3-adrenergic
receptor,Annu. ReV. Pharmacol. Toxicol. 37, 421-450.

32. Fraser, C. M., Chung, F.-Z., and Venter J. C. (1987) Continuous
high-density expression of humanâ2-adrenergic receptors in a
mouse cell line previously lackingâ2-receptors,J. Biol. Chem.
262, 14843-14846.

33. Hopkinson, H. E., Latif, M. L., and Hill, S. J. (2000) Noncompeti-
tive antagonism ofâ2-agonist mediated cyclic AMP accumulation
by ICI 118551 in BC3H1 cells endogenously expressing consti-
tutively active â2-adrenoceptors,Br. J. Pharmacol. 131, 124-
130.

34. Samama, P., Cotecchia, S., Costa, T., and Lefkowitz (1993) A
mutation-induced activated state of theâ2-adrenergic receptor:
extending the ternary complex model,J. Biol. Chem. 268,
4625-4636.

BI035825A

3288 Biochemistry, Vol. 43, No. 11, 2004 Devanathan et al.


