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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 piigaid binding constants

and binding kinetics. In the present study, PWR has been used to monitor the incorporation of the human
pB2-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 the 5>-adrenergic receptor.

G-protein coupled receptors (GPCRspresent a physi-  mational changes that occur. Conventional fluorescence
ologically and pharmacologically important class of integral techniques and single molecule spectroscopy have been used
membrane proteind). These receptors respond to a diverse to study the process of agonist activation in fheAR (7—
array of endogenous ligands such as hormones, neurotrans9). For the humard-opioid receptor, plasmon-waveguide
mitters, and peptides, as well as to exogenous stimuli suchresonance (PWR) spectroscopy has been employed to probe
as light, odor, and tast@,(3). Although GPCRs differ widely  the structural events following the binding of various classes
in their physiological roles, they share a common structural of ligands (agonists, antagonists, and inverse agonists) in real
feature consisting of seven transmembrane helical segmentsime and without requiring any molecular labelirfip(11).
connected by alternating intracellular and extracellular loops, These studies demonstrated distinguishable receptor confor-
with the amino terminus on the extracellular side and the mational states following the binding of different classes of
carboxy terminus on the intracellular side. Theadrenergic synthetic opiate ligands.
receptor f.-AR) is one of the most well characterized Figure 1 illustrates the application of PWR spectroscopy
members of the rhodopsin family (family A) of GPCRk( to the characterization of such systems. PWR spectral
6). This receptor is activated by endogenous catecholamineschanges produced upon receptor incorporation into a pre-
(epinephrine and norepinephrine) and is an important phar-formed lipid bilayer deposited upon the surface of the
maceutical target for pulmonary and cardiovascular diseasesplasmon resonator, as well as those produced by subsequent
Synthetic ligands that bind to thg-AR have a broad ligand binding, reflect changes in mass density and mass
spectrum of functional properties including full agonists, distribution, the latter caused by changes in structural
partial agonists, neutral antagonists, and inverse agonists. anisotropy. Inasmuch as the molecular weights of the ligands

Molecular events in anisotropic systems, such as theused in this study are all quite similar (rang®50—-350),
activation of membrane receptors associated with ligand differences in the magnitudes of the angular shifts gor
binding and subsequent structural changes, are difficult to ands-polarized resonances caused by the binding of various
characterize due to the complexity of the dynamic confor- ligands must be due to differences in the proteolipid
membrane structures thereby produced. It should also be
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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 BilayegBeneration
of a self-assembled solid-supported lipid membrane involves
the spreading of L 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-HCI containing
0.5 mM EDTA and 10 mM KClI at pH 7.3) in the PWR cell
(13, 14). The hydrophilic Si@surface is covered with a thin
layer of water of condensatioi%, 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 plategsibbs
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

Ficure 1: Application of PWR spectroscopy to membrane systems. membrane protein or as a result of ligand-induced protein

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 fhands-polarized

conformational changes. In the present system, the average
thickness of such a bilayer before protein incorporation is
~5.5 nm, including the hydrated lipid headgroupg)( Lipid

refractive indices can change differently depending upon the was purchased from Avanti Polar Lipids (Birmingham, AL).
anisotropic nature of the structural changes, resulting in different A experiments were done at ambient temperature.

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.

PWR Spectroscop¥he 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

epitope-tagged at the amino terminus with the cleavable spectroscopy has been described extensively elsewhg&re (

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 pvVL1392 (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 Il 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 30
dilution of a high titer virus stock at a density of 3:5.5 x

10° cells/mL and harvested after 48 h by centrifugation (10
min at 500@). The cell pellets are kept at70 °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-HCI, pH 7.4, with 1 mM EDTA, 1Qug/mL
benzamidine (Sigma), 1@g/mL leupeptin (Boehringer

18, 19). Briefly, resonant excitation by polarized light from
a CW laser ] = 632.8 or 543.5 nm) passes through a glass
prism whose hypotenuse is coated with a metal film (Ag)
and a SiQ 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 perpendicplaor
the parallel §) 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 omiypolarized 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

Mannheim, Germany), and 0.2 mM phenylmethanesulfonyl width, and the depth. The spectrum is determined by the

fluoride (Sigma)]. Following centrifugation (20 min at

refractive index 1§), extinction coefficient at the excitation

3000@), the lysed cells were resuspended in solubilization wavelengthk), and the sample thickneds. (Although these

buffer [20 mM Tris-HCI, pH 7.4, with 1.0%-dodecyls-p-
maltoside (NDM) (Anatrace), 100 mM NaCl, 1@g/mL
benzamidine, 1@g/mL leupeptin, 0.2 mM phenylmethane-
sulfonyl fluoride, and 1M alprenolol (Sigma)], subjected

optical parameters can be obtained by fitting the PWR spectra
to Maxwell’s equations applied to thin film assembliés,(

19, 21), the present report will be limited to the qualitative
aspects of the protetrligand interactions.
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FIGURE 2: f3,-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) ang- (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-HCI containing 0.5 mM EDTA
and 10 mM KCl at pH 7.3.

RESULTS

pP2-Adrenergic Receptor Incorporation into a Solid-Sup-
ported Lipid Bilayer.,-AR molecules were incorporated

Devanathan et al.
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Ficure 3: Agonist-induced changes in PWR spectra. PWR spectra
of B,-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 agonistf)isoproterenol (bulk concentration

= 4 uM) to the aqueous sample cell for bath(left panel) ando-
(right panel) polarization after equilibration. Middle panel: Spec-
trum obtained before (curve 1) and after (curve 2) addition of the
full agonist epinephrine (bulk concentratien5 uM) 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 concentratic®

uM) for s- (left panel) andp- (right panel) polarization after
equilibration.

into a preformed lipid bilayer deposited on the hydrophilic and after incorporation of increasing amounts of solubilized
silica surface (see Materials and Methods) by addition of receptor. Any alprenolol that was bound to the receptor for
small aliquots of a concentrated solution of the protein stabilization during the purification procedure was removed
dissolved in 30 mM octyl glucoside detergent-containing after receptor incorporation by washing the proteolipid
buffer to the aqueous volume of the sample cell. This dilutes membrane with buffer solution before addition of aliquots
the detergent to a final concentration below its critical micelle of a given ligand. This process could be monitored by
concentration (25 mM for octyl glucoside), which results in  changes in the PWR spectra (not shown). Note that the depth
a spontaneous transfer of the receptor molecules from theand angular position of the PWR spectrum are both
micelles into the bilayer. Insertion of a membrane-spanning influenced by the incorporation of the integral membrane
protein such as a receptor results in the hydrophobic portionreceptor protein. This is a consequence of both mass density
of the protein localizing within the bilayer interior and the and structural changes in the membrane. That these structural
peripheral portions of the protein extending outside the changes are anisotropic is shown by the fact that the
membrane on each side of the bilayer to form extramembranedirections of the PWR amplitude changes are opposite in
protein layers in contact with the aqueous medidm 20). sign forp- ands-polarizations. This is a consequence of the
This produces an increase in the thickness of the bilayer asasymmetric (i.e., cylindrical) structure of the inserted recep-
well as refractive index changes, which result in PWR tor, which is uniaxially oriented within the lipid bilayer (cf.
spectral changes. In these experiments,khparameter is Figure 1).

due largely to scattering effects, inasmuch as the PWR PWR Spectral Changes Occurring upon Binding Different
excitation wavelengths are not absorbed by any of the sampleLigands to the ReceptoChanges in PWR spectra caused
components. Figure 2 shows PWR spectra obtainegfor by receptor-ligand interactions are shown in Figures 3 and
ands-polarized exciting light for a lipid membrane priorto 4. These reflect alterations in the andt values of the
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Ficure 4: Effect of inverse agonist and antagonist binding on PWR £ 121
spectra. PWR spectra gb-adrenergic receptor incorporated into 2
an egg PC lipid bilayer before and after inverse agonist and neutral G 8
antagonist addition. Buffer conditions are as in Figure 2. Magnitudes 8
of spectral shifts are given in Table 1. Upper panel: Spectrum 2 44
obtained before (curve 1) and after (curve 2) addition of the inverse 8 after wash<z 3
agonist ICI-118,551 (bulk concentration 2.5 nM) for s- (left 0 . . . , , ;
panel) ando- (right panel) polarization after equilibration. Lower 0 05 10 15 20 25 30
panel: Spectrum obtained before (curve 1) and after (curve 2) Dobutamine (uM)

addition of the neutral antagonist alprenolol (bulk concentration  Fgyre 5: Binding curves for agonist interaction witi-adrenergic
2.5 nM) for s- (left panel) andp- (right panel) polarization after  receptor. PWR spectral shifts obtained after ligand additigyto
equilibration. adrenergic receptor incorporated into an egg PC lipid bilayer for
s-polarization (closed circles) ar@polarization (closed squares).
Table 1: Magnitudes of Spectral Shifts for Ligand Binding to the Buffer conditions are as in Figure 2. Panel A: Addition of aliquots
BrAR? of the full agonist )isoproterenol to the aqueous compartment.
The solid lines indicate hyperbolic fits to the data with Kaevalues

ligand s-shifts (mdeg) p-shifts (mdeg) given in Table 2. The effect of displacing the bound ligand at 2
(—)isoproterenol 12:1 9+1 uM concentration from the receptor by washing with buffer (open
epinephrine 121 17+ 2 symbols) is shown. Panel B: Addition of aliquots of the full agonist
dobutamine 91 13+1 epinephrine to the aqueous compartment. The solid lines indicate
ICI-118,551 26+ 1 14+ 2 hyperbolic fits to the data with th&p values given in Table 2.
alprenolol 9+ 1 13+1 Panel C: Addition of aliquots of the partial agonist dobutamine to

the aqueous compartment. The solid lines indicate hyperbolic fits
to the data with theKp values given in Table 2. Washing with
buffer after ligand saturation (open symbols) is shown.

proteolipid membrane resulting from mass increases and/or
changes in conformatiorilQ, 11, 14, 17). In what follows resonance spectra caused by binding to the incorpofated
we summarize the qualitative aspects of the spectral change#\R. Ligand binding was observed to be dose-dependent and
associated with agonist, partial agonist, inverse agonist, andstereospecific. The concentration dependence can be il-
neutral antagonist interactions with the membrane-bgland  lustrated by plotting the resonance position shifts as a
AR. function of the bulk concentration of the added ligand
As can be seen from the spectra in Figures 3 and 4, all of (Figures 5 and 6). The magnitudes of the shifts produced by
the ligands used here cause shifts in the PWR spectra tdigand binding under saturation conditions (cf. Figures 3 and
larger angles upon binding to the receptor. Differences in 4) are given in Table 1. Binding constants obtained by fitting
the magnitudes o$- and p-polarized resonance shifts (see the concentration dependence data to a hyperbolic function
Table 1) reflect differences in the anisotropic nature of the are given in Table 2 and are compared with literature values
structural perturbations. As pointed out above, all of these obtained using radiolabeling methods. In most cases (dob-
ligands have very similar masses, so that differences in utamine is an apparent exception), the agreement is satisfac-
spectral behavior are due mainly to differences in structural tory considering the large ranges observed. Control experi-
changes in the proteolipid membrane induced by ligand ments in which these ligands were added to a preformed
binding. Furthermore, differences in the kinetic behavior of lipid membrane in the absence of the receptor showed no
the structural responses are seen between the various typesieasurable effects on PWR spectra, indicating that nonspe-
of ligands included in this study (see below). cific binding was not observed in these experiments. The
Concentration Dependence of Ligand Binding to the effects onthe PWR spectra of the different classes of ligands
Incorporated ReceptoAddition of successive aliquots of a  used in this study, i.e., the full agonists){soproterenol and
ligand solution to the sample cell resulted in changes in the epinephrine, the partial agonist dobutamine, the antagonist

aData from Figures 3 and 4.
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A As shown in Figure 5A, the spectral effect of displacing
the bound ligand from the receptor by washing with buffer
8 . — = was different fors- andp-polarization (open circles). Thus,
o the observed angular position obtained after washing cor-
61 responded to almost the unliganded receptor value for the
p-polarized resonance, whereas $folarized resonance was
only partially shifted back to its original value. This implies
24 that although the drug could be washed out, the structural
aﬁer‘”as’h\ state produced by the bound ligand did not revert to its
- : : : : 2 original conformation, thereby leaving the receptor in an
0 ! 2 3 4 s altered structure. The agonist-induced spectral changes could
Alprenolol (nM) also be partially reversed by addition of the high-affinity
30 neutral antagonist alprenolol after isoproterenol binding,
without prior washing out of the agonist, consistent with what
has been observed in previous stud®s |t is also possible
that the partial structural reversibility was due to interference
by the resonaterbilayer 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

0.0 05 10 1’5 20 o5 produced only insignificant spectral changes when added

IC1-118,551 (nM) over the same concentration range as thgisomer (data

Ficure 6: Binding curves for inverse agonist and antagonist ”Pt §hown). This demonstrates the stereospecificity of the
interaction withB.-adrenergic receptor. PWR spectral shifts obtained Pinding process.
after ligand addition to th,-adrenergic receptor incorporated into Addition of the full agonist epinephrine to the incorporated
an egg PC lipid bilayer fors-polarization (closed circles) and  receptor resulted in an increase in angular position for
p-polarization(closed squargsBuffer conditions are as in Figure | p-polarization that was larger than that fepolarization

2. Panel A: Addition of aliquots of the neutral antagonist alprenolo! ) S . .
to the aqueous compartment. The solid lines indicate hyperbolic (Figure 5B), which is different from the shifts obtained for

fits to the data with thé&p values given in Table 2. Washing with  the full agonist {-)isoproterenol (Table 1). This also indicates

buffer after ligand saturation (open symbols) is shown. Panel B: a change in anisotropy in the proteolipid membrane as a

Addition of ahqu;)ts Otf EH? '”Vﬁési? agqngft ISI-&18’SEll'tof'tth? result of drug interaction, although the structural change was

agueous compartment. € Solid lines Indicate nyperpolic Tits 10 4;: : : :

the data with the&p values given in Table 2. different from.that produced by |sopr0t<_arenql. The binding
constant obtained from these data is given in Table 2.

Partial Agonist DobutamineThe weak partial agonist

-
o

Resonance shifts (mdeg)

Resonance shifts (mdeg)

0 . :

Table 2: Equilibrium Dissociation Constants Obtained for Ligand

Binding to the Incorporate@-AR dobutamine behaved similarly to the full agonist epinephrine,
Ko bindin in that there was a_larger_shlft for tlpepola_rlzed resonance
ligand spolarization _ p-polarization _ affinity (}%)a than for&pqlanzaﬂon (Figure SQ)The binding constar_lt
_ values obtained from a hyperbolic fit to the data are given
()isoproterenol 0.1% 0.01zM 030+ 0.02uM  0.07-0.3uM in Table 2. After saturation of the receptor with this ligand,
epinephrine 0.4 0.3uM 0.6+ 0.2uM 0.4—4.3uM . . .
dobutamine 0.22 0.054M  0.24+ 0.03uM 1.4-2.3uM washing with buffer resulted in reversal of the angular
ICI-118,551 0.12- 0.01nM 0.27£0.08 M 0.2-1.2 nM positions for boths- and p-polarized resonances to almost
alprenolol 0.9:0.1nM  05+0.1nM  0.1F3nM the unliganded angular position (Figure 5C), indicating
aSee ref29-34. virtually complete return to the original receptor conforma-
tion.
alprenolol, and the inverse agonist ICI-118,551, are sum- To summarize, among the agonists, there is a distinct
marized below. difference in the pattern of angular shifts upon ligand binding,
Full Agonists Isoproterenol and Epinephrin€he con- even between the full agonists-Yisoproterenol and epi-

centration dependence of PWR spectral shifis g¢nd nephrine, as well as with the partial agonist dobutamine. This
p-polarization) upon addition of aliquots of the strong full is indicative of differences in the anisotropy changes induced
agonist ()isoproterenol to the aqueous compartment is in the proteolipid membrane by these ligands, reflecting
plotted in Figure 5A. Note that the magnitude of the shifts differences in receptor recognition of the specific ligand
for s-polarization was greater than fpipolarization, indica- molecules and conformational heterogeneity in the different
tive of anisotropy changes in the proteolipid membrane (cf. receptor states produced.

Figure 1). These can be ascribed to changes in the molecular Neutral Antagonist AlprenololAddition of increasing
orientation of lipid and protein molecules within the mem- concentrations of the neutral antagonist alprenolol resulted
brane as well as to protein conformation changes. Ligandin larger shifts for thep-polarized resonance compared to
binding was saturable and could be fit with a hyperbolic s-polarization (Figure 6A). This is similar to the patterns
function. The binding constants derived from these data were observed with the partial agonist dobutamine, suggesting that
consistent with those obtained from conventional competition similar conformational states of the proteolipid membrane
binding assays (Table 2), indicating that native behavior was were produced. The binding affinity values are presented in
observed. Table 2. The bound ligand could be washed off by buffer,
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Ficure 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 uM) 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 with;, values given in Table 3.

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

FIGURE 7: Kinetics of spectral shifts for agonist binding at a concentrations, all classes of ligands showed distinctly
saturating concentration to the receptor. Buffer conditions are as different kinetic behavior for the spectral changes occurring
in Figure 2. Panel A: Time course of spectral shifts fr upon binding to thg8,-AR. Kinetic measurements were done
polarization for the full agonist{)isoproterenol (bulk concentration  |)oth at 1uM ligand concentrations and 100V concentra-
= 10uM). The solid line s a two-exponential fit to the data with tions for agonists and at 10 and 100 nM concentrations for
ti2 values given in Table 3. Inset: Corresponding time-resolved go X . )
PWR spectra using-polarized light. Curve 1 was obtained before the antagonist and inverse agonist to ensure that the ligands
receptor incorporation; curve 2 represents the initial fast shift to completely occupied the receptor binding site in all cases.
smaller angles after addition of agonist; curve 3 was obtained after Both low and high ligand concentrations yielded similar
equilibrium. Panel B: Time course of spectral shifts for kinetic behavior, and only data obtained with the lower
polarization for the full agonist epinephrine (bulk concentration . i -
104M). The solid line is a two-exponential fit to the slower phases COncentrations will be shown below. It should be pointed
of the data witty, values given in Table 3. Panel C: Time course Out that the kinetic plots shown here represent only the initial
of spectral shifts fos-polarization for the partial agonist dobutamine  stages of the time course of the spectral shifts. In all cases,
(bulk Concentl’ati_OI‘-F 10‘1/tM) The Solld lineis a Slngle eXpOnential there was an add|t|onal Slower Component that resulted |n
fit to the data withty > values given in Table 3. the final equilibrium shift values displayed in Figures &
resulting in reversion of the angular positions to their original This is not included in Figures—79.
values with botts- andp-polarized excitation light. This also The time course of the spectral shifts f®polarization
suggests structural reversal. for the full agonist {-)isoproterenol is plotted in Figure 7A.
Inverse Agonist ICI-118,55The addition of aliquots of  An initial very rapid shift to lower incident angles occurred
the inverse agonist ICI-118,551 to the membrane-bgishd  upon ligand binding (within the time resolution of the
AR produced significantly larger positive shifts fa instrument), followed by a subsequent slow decrease in
polarized resonances relative papolarization than were  resonance angle position and a still slower resonance angle
observed for any of the other ligands (Table 1, Figure 6B). increase, with equilibrium being reached in about 15 min.
This indicates a larger degree of anisotropy in the structural This multiphasic kinetic pattern clearly indicates the occur-
changes in the proteolipid membrane produced by binding rence of at least three intermediate states during the binding
this ligand to the receptor. Also note the larger decrease inprocess. Although all of these can reflect different conforma-
the spectral amplitude of theepolarized resonance compared tions of the recepterlipid system, the possibility also exists
to thep-polarized resonance observed for this ligand relative that one of the slower phases was due to the ligand moving
to the others (cf. Figure 4), again reflecting the formation of across the bilayer and binding to receptors that were oriented
a different structural state. The binding data could be fit with with their ligand binding site facing the resonator surface.
a hyperbolic function with binding constants as given in This requires further study. An exponential fit to the slower
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Table 3: Kinetic Rate Constants and Half-Times Obtained for Ligand Binding to Incorpgiatsg

tiazy S ki, st tazy S ko, st taw2) S ks, st
ligand
(—)isoproterenol <10 <0.07 129+ 11 5.4x 1073 178+ 16 3.9x 10°3
epinephrine <10 <0.07 202+ 14 3.4x 1073 4704 22 1.5x 1073
dobutamine <10 <0.07 149+ 43 4.6x 1073
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
66.160 the weak partial agonist dobutamine (Figure 7C) appeared
A biphasic, with a very rapid decrease (within the time
66.155 4 resolution of the instrument) followed by a slow increase
with a half-time of 149 s.
= 66.150 The spectral changes induced by agonist and partial agonist
g binding were partially reversible by addition of the high-
2 affinity antagonist alprenolol. The kinetics of this reversal
2 66.1451 g . )
< are shown in Figure 8, and the corresponding half-times are
\ N reported in Table 3. As is evident, the time course of reversal
66140 Wttt sttt futitnd] was much faster than for the agonist-induced changes, was
monophasic, and occurred with similar half-times for all three
66.135- : : ; ; : ligands. This suggests that the rate-limiting step may be the
66.160 25 %0 75 100 125 150 binding of the antagonist to the agonist-occupied receptor;
B this is consistent with the rapid structural changes induced
by antagonist binding as will be shown below.
66.1581 In sharp contrast to the results for agonists, both the
. - direction of the resonance shifts and the time course of the
S 66.156 L =F shifts for the inverse agonist ICI-118,551 depended upon the
= concentration range used. At lower concentration®.$ nM)
= the shifts occurred in the positive direction (Figure 6B) with
< 66.1541 a half-time fors-polarization of 600 s (not shown). For this
ligand, the time required fgu-polarized resonance changes
66.152 to reach equilibrium was approximately two times that for
the s-polarized resonance (not shown). This suggests that
0 100 200 300 400 the time course of the structural changes was also anisotropic;
Time (s) i.e., the changes occurring in the membrane plane were

FiIGURE 9: Kinetics of spectral shifts for inverse agonist and Slower than those occurring perpendicular to the plane of
antagonist binding at saturating concentration to the receptor. Bufferthe membrane. Even more striking, however, when an aliquot
conditions are as in Figure 2. Panel A: Time course of spectral of the ligand was added at higher concentrationsq nM),

igir:tcseg ; %‘?:i‘rifgtgoﬁ)fo{ggesg}}ﬁfeac%%”ri:tc:g'thlel%gtzlp(gﬁ't‘; the shifts occurred in the opposite direction and with much
and does not represent a fit. Panel B: Time course of spectral s,hiftsfaSte_r kinetics. _Th's is shown in _Flgure gA' It was not
for s-polarization for saturating concentrations of the antagonist POssible to obtain an accurate half-time for this latter process

alprenolol. A single exponential it to the data is shown as a solid inasmuch as most of the change occurred within the time
line with aty> as given in Table 3. resolution of the experiment. The explanation for this unusual
behavior is not clear at present, and further studies are

data phases yielded half-times of 129 and 178 s for theserequired. However, it is clear that this ligand exhibited unique
two processes (Table 3). Multiphasic agonist binding kinetics pinding kinetics.

have also been observed with theopioid receptor, the

. S Addition of the antagonist alprenolol at both low and
neurokinin receptor, the;a-adrenoceptor, and a minimized

. ) - saturating concentrations resulted in a relatively rapid
insulin receptor 10, 22-24). In the case of the op|0|d ._monophasic time course of binding to the receptor (Figure
rgceptor, we have suggested that the slow mult!phasm B; half-time given in Table 3). This is similar to results
!(lnetlcs \were a consequence of structur_al changes induce btained with the-opioid receptor 10).
in the bilayer by the receptor conformational chan@@).(

Figure 7B shows that binding of the agonist epinephrine pjscussiON
followed a similar time course fos-polarization to that
observed with isoproterenol, with a biphasic shift to lower  The spectral and kinetic results presented above have
angles followed by a slower change to larger angles. A two- provided direct evidence that different receptor structural
exponential fit to the slower portions of the data yielded half- states of thg’,-AR are produced by the binding of different
times of 202 and 470 s, respectively (Table 3). Binding of ligand types. In the case of the humésopioid receptor,
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the addition of a given class of ligand has also been shown As shown above, the kinetics of PWR spectral changes
to produce PWR spectral changes that are characteristic offor agonists and partial agonists were multiphasic, while
the ligand type 10, 11). For this receptor, agonists and those for antagonists were monophasic. These results suggest
inverse agonists caused shifts for b@hand s-polarized that the process of agonist binding and receptor activation
resonances to larger incident angles, whereas antagonisteccurs through discrete conformational intermediates. This
caused shifts fop-polarized resonances to larger angles and interpretation is consistent with fluorescence lifetime experi-
s-polarized resonances to smaller incident angles. In addition,ments on thg,-AR (25). Thus, a single lifetime distribution

it was shown that the kinetics of the resonance changes weravas observed in the unliganded receptor and antagonist-
different for agonists and antagonists. Although the details bound receptor, whereas two lifetimes were observed in the
of the spectral shift results reported here forfhé\R system receptor bound to saturating concentrations of agonists and
are rather different from those observed with the opioid partial agonistsZ5). Moreover, recent fluorescence experi-
receptor, the kinetic differences observed for agonists andments have detected a biphasic conformational response to
antagonists are similar and the same general conclusion hasigonists. For isoproterenol, the rapid component hag a
been reached, i.e., that different receptor structural states ar®f ~4 s and the slow component had;a of ~150 s, and
produced by different ligand types. Thus, this may be a for epinephrine the values weres and~165 s (Swaminath
general characteristic of the GPCR superfamily, although et al., in press). This suggests that the receptor activation by
more study is required to support such a generalization. agonists occurs through one or more kinetically distinguish-

These studies can be compared with spectroscopic studie@ble intermediate states. These observations are consistent
in which conformational changes in tie-AR were detected with the present PWR experlments. Also conS|s.tent Wlth the
by a fluorophore covalently bound to Cys265 at the present results are studlgs of meAR receptor using single
cytoplasmic end of transmembrane segment 6 adjacent to d"0lecule spectroscop@)in which at least three states were
G-protein coupling domair§( 25). Binding of agonists and observed for isoproterenol binding and were attributed to
partial agonists resulted in changes in fluorescence intensityStaPilization of conformational substates.
that correlated with the efficacy of the agonist (partial
agonists producing smaller fluorescence intensity changesco'\lCLUSIO'\lS

]Elhan full agomsts)._ln contrats)t, no éjete(t:)t_akél_e ch?nges N These results have shown that PWR spectroscopy can
uorescence Intensity were observed on binding of antago- e real time interactions occurring during the binding of

nists or inverse agonlr_sts)( In the present studies, shifts in various ligands to a proteolipid system and can thereby
p-polarized ands-polarized resonances were detected upon pq.ide information concerning the structural changes of
binding to all classes of ligands. It should be noted that these i otropic integral membrane proteins such as GPCRs. The
sh|f_ts Corresp_ond to the eqU|I|br|u_m structure_ll state; Of_ the spservations reported here are consistent with those obtained
entire proteolipid membrane attained after ligand binding, \,ging other optical spectroscopic methods, such as fluores-
whereas the fluorescence measurements largely reflect Iocabence, and provide additional evidence for multiple confor-
changes Within the receptor protein. Thus, it is certainly . -+onal states resulting from ligand binding to heAR.
possible for differences to occur in these two types of o ever, the fact that PWR reports on changes occurring
measurements. Alsm vivo the presence of other proteins i, yoth the protein and lipid components makes it comple-

(e.g., G-proteins), as well as differences in membrane ynentary to information provided by these other techniques.
composition, may stabilize additional conformational states. gyiensions of these studies could include the effect of

As a consequence, the structural changes reflected in theyjtterent lipid bilayer compositions upon ligand binding to

PWR spectra need not be predictive of ligand efficacy.  he receptor, as well as the structural and kinetic behavior
It is also noteworthy that significant differences were of ligand-induced G-protein binding. Such work is presently

observed in the PWR spectra of isoproterenol and epineph-underway.

rine, both full agonists that differ only in the amine
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