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Abstract
A procedure has been developed for directly depositing membrane fragments derived from bacterial
(chromatophores from Rhodopseudomonas sphaeroides) and mammalian cells (μ-opioid receptor-
and MC4 receptor-transfected HEK cells, and rat trigeminal ganglion cells) onto the silica surface
of a plasmon-waveguide resonance (PWR) spectrometer. Binding of ligands (cytochrome c2 for the
chromatophores, the peptide agonists DAMGO and Melanotan-II that are specific for the μ-opioid
and MC4 receptors, and two non-peptide agonists that are specific for the CB1 receptor) to these
membrane fragments has been observed and characterized with high sensitivity using PWR spectral
shifts. The KD values obtained are in excellent agreement with conventional pharmacological assays
and with prior PWR studies using purified receptors inserted into deposited lipid bilayer membranes.
These studies provide a new tool for obtaining useful biological information about receptor-mediated
processes in real biological membranes.
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Introduction
The vast majority of assays currently used in both pharmaceutical screening and biophysical
studies involve some type of labeling (e.g. radioactive or fluorescent) of the target molecule
or of a secondary reporter, to enable quantification of protein, DNA, small molecules, or cells.
There are relatively few methods that allow detection of molecular and cellular interactions
without using labels. Although labeling approaches can provide functional and kinetic
information on the cellular consequences of target-compound interactions, including drug
mechanism, efficacy, selectivity, and cytotoxicity, these methods tend to fail to generate
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information relating to the overall cellular responses. This is because of the complexity of cell
function as well as the dependence of specific cell responses on the integration of a multitude
of signaling pathways. In addition, because of possible structural or functional perturbations,
the use of either labels or artificial manipulations could contribute in an adverse way to
elucidating the cellular physiology of the targets studied.

One such label-free method is plasmon-waveguide resonance (PWR) spectroscopy (1), which
has been developed and utilized in this laboratory as a tool for elucidating structure-function
relationships involving integral membrane proteins incorporated into a solid-supported lipid
bilayer membrane (2–4). As an extension of surface plasmon resonance (SPR), PWR provides
a procedure for obtaining ligand binding affinities, and extends SPR by having higher
sensitivity (20–50 fold) and by allowing conformational and mass density changes to be
distinguished and characterized (1,5,6). Heretofore, major limitations of these studies have
been the use of “artificial” lipid bilayer membranes comprised of one or more purified lipid
components, rather than a “real” biomembrane, and the requirement for at least partial
purification of the membrane protein to be studied and storage in a detergent-containing buffer
until bilayer insertion via detergent dilution. In this communication, we describe a protocol for
directly depositing membrane fragments onto the silica surface of a PWR resonator, either
isolated from biological materials in which they normally reside or from cells into which the
desired receptors have been cloned and overexpressed. As a proof-of-concept, we have used
chromatophore membranes obtained from a photosynthetic bacterium (Rhodopseudomonas
spheroides), in an extension of PWR experiments we have previously reported (7) on
cytochrome c2 binding to purified reaction centers from this organism. In addition, we have
used membranes obtained from HEK cells into which the human μ-opioid (hMOR) and
melanocortin-4 (hMC4) receptors have been stably transfected, as well as native membrane
fragments derived from trigeminal ganglia of a single rat. We present here measurements of
the spectral changes that result from membrane deposition and ligand binding, including
evaluation of binding constants. Our description of other results, especially those involving
analysis of mass density and structural changes based on spectra obtained with two different
excitation light polarizations, will be primarily qualitative; a more quantitative presentation
will require further studies, which are presently underway (see below for further discussion).

The use of membrane fragments (or even whole cells) deposited directly on the outer surface
of the PWR sensor is based on many previous observations showing that both lipid vesicles
and whole cells adhere well and spread easily at silica surfaces. Investigation of the interaction
of solid (usually hydrophilic) surfaces with vesicles was pioneered by McConnell’s group (8,
9), and both experimental (10–19) and theoretical (20–23) efforts have been devoted to
understanding the driving forces involved in adsorption, using optical imaging techniques
(24–26) as well as optical biosensors (27–30). The current picture emerging from these studies
can be summarized as follows. Cells initially interact with a solid surface by adsorption,
followed subsequently by morphological changes known as spreading – a process during which
the cells increase their area in contact with the surface. Similar processes occur with vesicles
leading to their rupturing and the formation of solid-supported lipid bilayers. Calcium ions
have been shown to strongly enhance these processes (19).

As will be shown below, membrane immobilization on the silica surface of a PWR sensor, and
spectral observation of subsequent ligand binding, has been quite successful and opens a wide
range of possible future studies on other membrane systems under a variety of conditions.
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Experimental
PWR spectroscopy

The details of both the principles and procedures for PWR measurement and data analysis have
been described elsewhere (2–4). Briefly, polarized light (λ = 632.8 nm) from a CW laser
incident upon the back surface of a thin silver film (~50 nm) overcoated with a layer of silica
(~500 nm) and deposited on the surface of a right angle prism excites plasmon and waveguide
modes. This generates an evanescent electromagnetic field on the silica surface. Molecules
immobilized on this surface interact with this field and influence the resonance excitation
process, thereby generating changes in a plot of the reflected light intensity as a function of
incident angle, which constitutes a PWR spectrum. The resonator surface is in contact with an
aqueous buffer into which molecules that interact with the immobilized material can be
introduced, causing further changes in the PWR spectrum. The resonance shifts are
proportional to mass density, and thus by plotting spectral shifts as a function of added material,
a binding constant can be determined. It should be noted that the amount of ligand bound is
small compared to the concentration of added ligand due to the approximately 1000-fold
difference in the sample cell volume (~0.5 mL) and the volume of the deposited membrane
fragments.

Preparation and deposition of membrane fragments
The membrane fragments used in these studies correspond to chromatophores isolated from
the photosynthetic bacterium Rhodopseudomonas spheroides, and to fragments prepared from
transfected HEK cells and from trigeminal ganglia obtained from a single rat. These were
obtained and characterized by standard procedures as follows.

Chromatophores—R. sphaeroides 2.4.1 cells were grown aerobically using Sistrom’s
medium, and harvested by centrifugation, the pellet then being washed once with 50 mM
MOPS pH 7.0, 100 mM KCl, resuspending each time in a volume ~ 4 times the cell pellet
weight. Cells were disrupted by French press (~20,000 psi), then centrifuged at 30,000g for 30
minutes. The supernatant was then centrifuged at 200,000g for 90 minutes. The resulting pellet
was resuspended in the above buffer, plus 25 % (v/v) glycerol, to a concentration of 25 mg/
mL total protein (as measured by BCA assay, Pierce), and stored at −80°C until needed.

Reduced Rhodobacter capsulatus cytochrome (cyt) c2 was isolated and purified according to
Caffrey et al. (31).

HEK cells expressing hMOR—The cDNA encoding the hMOR (GENBANK accession
no.: L25119, generous gift from Dr. J.B. Wang) was inserted into a pHβApr-1-neo mammalian
expression vector, and stably transfected into human embryonic kidney (HEK) cells using the
Superfect transfection reagent (Qiagen, CA). Recombinant HEK cells expressing the hMOR
were grown and maintained in MEM medium (Invitrogen, Carlsbad, CA) containing 10% fetal
calf serum, 100 U/mL penicillin, 100 μg/mL streptomycin and 700 μg/mL of the antibiotic
G418 (Invitrogen, Carlsbad, CA), at 37°C in a 5% CO2 humidified atmosphere. Untransfected
HEK cells (control) were grown in the same medium as above in the absence of G418.

Expression of the receptor was monitored by radioligand saturation analysis using [3H]
diprenorphine, and indicated high affinity (KD = 0.9 ± 0.6 nM) binding to transfected HEK
cell membrane preparations with a Bmax of 1.9 pmol/mg protein. The assay procedure used
was as follows. The fresh crude membrane pellet as prepared above was resuspended in assay
buffer (50 mM Tris, pH 7.4, containing 50 μg/mL bacitracin, 30 μM bestatin, 10 μM captopril,
100 μM phenylmethylsulfonyl fluoride (PMSF), 1 mg/mL BSA, pH 7.4). In a saturation
binding experiment, approximately 50 μg of membrane preparation was incubated with [3H]
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diprenorphine (0.1–10 nM) (PerkinElmer Life and Analytical Sciences, Boston, MA) for 90
min at 30 °C in assay buffer. The reaction was terminated by rapid filtration through Whatman
GF/B glass fiber filters using a Brandel Cell Harvester (Brandel Inc., Gaithersburg, MD). The
filters were rinsed five times with 4 ml of ice-cold saline containing 0.01% BSA. Filter-bound
radioactivity was measured in EcoLite scintillation cocktail (MP Biomedicals, Irvine, CA)
using a Beckman LS 6000SC liquid scintillation counter (Beckman Coulter, Fullerton, CA).
Nonspecific binding was determined in the presence of 10 μM naltrexone (Tocris, Ellisville,
MO). The reaction was filtered using a Brandel Cell Harvester through Whatman GF/B glass
fiber filters (Brandel Inc., Gaithersburg, MD).

Membrane fragment preparation for PWR: Both untransfected and recombinant HEK cells
expressing hMOR were grown to confluency. The confluent cell monolayers were then washed
with Ca2+, Mg2+-deficient phosphate-buffered saline and harvested in the same buffer
containing 0.02% EDTA. After centrifugation at 1500g for 10 min, the cells were homogenized
in ice-cold 10 mM Tris-HCl and 1 mM EDTA, pH 7.4 buffer. A crude membrane fraction was
collected by centrifugation at 40,000g for 20 min at 4°C, and stored at −80°C until use. Prior
to the PWR experiment, the membrane fraction was resuspended in 20 mM Tris-HCl, pH 7.4
buffer by mild homogenization. Protein concentration was determined by using a Bradford
assay. The μ-selective opioid receptor agonist, ([D-Ala2, NMe-Phe4, Gly-ol5]-enkephalin)
DAMGO, used in the PWR experiments was purchased from Tocris, Ellisville, MO.

HEK cells expressing hMC4R—The cDNA sequence encoding hMC4R was obtained
from the University of Missouri, Rolla cDNA resource center. The cDNA was subcloned into
pcDNA3.1 His/myc A. All plasmids were verified by DNA sequencing by the Biotechnology
Computing Facility at the University of Arizona.

For stable transfection, HEK293 cells were grown on a 3 cm plate in MEM (Invitrogen, CA)
with Earle’s Salts, supplemented with 10% (vol/vol) heat-inactivated fetal bovine serum,
penicillin G (100U/mL) and streptomycin (100 μg/mL), at 37°C, in a humidified atmosphere
containing 95% air 5% CO2 to 80–90% confluence. The cells were transfected with 0.2 μg
cDNA using the Lipofectamine or FuGene 6, from Roche Diagnostics (Indianapolis, IN) in
Opti-MEM medium (Invitrogen, CA), according to the manufacturer’s instructions. Stably
transfected cells were selected by the addition of antibiotic (G418) 24 hr after the transfection,
and stabilized for two months. Whole cell binding and functional assays were performed to
screen the highest expression monoclone, following a previously described method (32,33).
Cells were seeded on 96 well plates (50,000 cells/well), 48 hours before the assay. For the
assay, the medium was removed and cells were washed twice with freshly prepared MEM
containing 25 mM HEPES (pH 7.4), 0.2% bovine serum albumin, 1 mM 1,10-phenanthroline,
0.5 mg/L leupeptin, 200 mg/L bacitracin. The cells were then incubated with 0.14 nM [125I]-
[Nle4, D-Phe7]-α-MSH (PerkinElmer Life Science, 50,000 cpm/well) in the presence of
increasing concentrations of the unlabeled peptides for 40 min at 37°C. The medium was
subsequently removed and the cells were washed twice with the assay buffer and lysed using
100 μL 0.1 NaOH and 100 μL 1% Triton X-100. The radioactivity was measured using a
Microbeta (PerkinElmer Life Science, Boston, MA). The data were analyzed using Graphpad
Prism 4.0 software (San Diego, CA).

The agonist mediated cellular response was measured via cAMP assay. Stably transfected HEK
293 cells were seeded onto 96 well plates 48 hours before assay (50,000 cells/well). For the
assay, the medium was removed and the cells were rinsed with 1 mL of MEM buffer. An aliquot
(0.1 mL) of Earle’s balanced salt solution was placed in each well along with
isobutylmethylxanthine (IBMX; 5 μL; 0.5 mM) for 1 min at 37°C. Varying concentrations of
the MC4 agonist Melanotan-II (MTII; Ac-Nle-c[Asp-His-DPhe-Arg-Trp-Lys]-NH2) (34) were
added and the cells incubated for 3 min at 37°C, and then treated with trypsin for 30 sec. The
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reaction was stopped by aspirating the buffer and adding ice cold Tris/EDTA buffer to each
well (0.06 mL) and then placing the plates in a boiling water bath for 15 min. The cell lysates
were centrifuged for 5 min (2,300g), the supernatant (0.05 mL) was transferred to another 96
well plate and placed with 0.05 mL [3H] cAMP and 0.1 mL of protein kinase A in the ice bath
for 2–3 hours. The incubation buffer was transferred to the MultiScreen 96-filtered plate
(Millipore) and the cAMP content was measured in the Microbeta (PerkinElmer Life Science,
Boston, MA). The expression level of hMC4R was determined by radio-ligand saturation
analysis using [125I]-[Nle4, D-Phe7]-α-MSH and indicated high affinity (KD = 1 ± 0.1 nM) for
MTII binding hMC4R; the cAMP level stimulated by MTII at hMC4R showed EC50 = 2.2 ±
0.1 nM. Values represent the mean of duplicate experiments performed in triplicate, and were
determined by fitting the data using a nonlinear least squares analysis, with the help of
Graphpad Prism 4.0 (Graphpad Software, San Diego, CA). Data are expressed as mean±SEM.

Membrane fragment preparation for PWR: Stably transfected cells were grown to 95%
confluency in five 150 mm diameter plates and harvested in 50 mM Tris/HCl with 200mM
KCl buffer, pH 7.5 containing protease inhibitor (Sigma). The cell suspension was
homogenized with a Teflon homogenizer and centrifuged at 31,200g for 20 min. The membrane
pellet was washed in 50 mM Tris-Cl buffer, and then resuspended in cold 50mM Tris-Cl,
200mM KCl, buffer with protease inhibitor.

Rat trigeminal ganglion membrane fragments—Trigeminal ganglia from one male
Sprague-Dawley rat (200–250 g) were dissected and placed in ice-cold PWR buffer (10 mM
Tris-HCl, 1 mM EDTA, pH 7.4). The sheath and blood vessels were removed from the ganglia
under a dissection microscope. The ganglia were homogenized in 5 ml buffer using a Teflon
pestle and centrifuged at 30,000g for 15 min at 4°C. The membrane pellet was re-suspended
in 2 ml of buffer, homogenized and divided into 500 μl aliquots. The ligands used with the rat
brain fragments were DAMGO and two small non-peptide agonists known to be specific for
the cannabinoid CB1 receptor, CP 55,940 and WIN 55,212-2 (35).

Deposition of membrane fragments onto PWR resonator—Approximately 25 μL of
a stock solution of membrane fragments suspended in 100 mM phosphate buffer (containing
100 mM KCl and 5 mM CaCl2), were placed on the silica surface of the PWR sensor and
allowed to settle for 30 min at room temperature. Subsequent to this the sensor was mounted
into the sample compartment of the spectrometer (Proterion Corp.), and was washed with a
buffer solution to remove excess membranes and calcium ions. PWR spectra were measured
before and after such deposition. Microliter aliquots of a stock solution of ligand were then
added to the sample cell and PWR spectra were recorded.

Results and discussion
PWR spectral characteristics of the deposited membranes

Figure 1A,B shows a series of PWR spectra obtained with p-polarized excitation using two of
the four membrane systems described above (similar results were obtained with s-polarization;
not shown). As illustrated by these results, in all cases a large positive shift (curve 2 vs. curve
1) in the PWR spectrum, as well as a change in the spectral width, was obtained upon membrane
deposition, indicating the immobilization of a significant amount of mass on the sensor surface.
Furthermore, in all cases, the spectral shifts for p-polarization were appreciably larger than
those for s- polarization, resulting in an s:p ratio of 0.6 to 0.8 depending on sample type. This
result indicates a strong anisotropy in the deposited mass within the two dimensional thin layer
of membrane fragments on the sensor surface, with a larger mass density along the
perpendicular to the surface than parallel to the sensor surface. This demonstrates that the
membrane fragments were at least partially oriented on the surface, rather than randomly
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distributed. These anisotropy results are quite similar to our previous data obtained with single
lipid bilayer membranes, which are known to be uniaxially deposited on the resonator surface
(36). Further studies are presently underway to quantify the total mass deposited and the mass
distribution.

In order to determine the strength of the interaction between the resonator surface and the
membrane fragments, the changes in resonance position shift after washing the sample
compartment cell with fresh buffer were monitored. The results demonstrated that after 4
washings approximately 65% of the membrane fragments adhered to the silica surface strongly
enough to remain immobilized, and that an equilibrium value of 55% was reached after 10–12
washes. All of the spectra shown in Figure 1 and the results discussed below have been obtained
after such washing processes.

Receptor-ligand interactions
Subsequent addition of aliquots of a ligand solution after membrane deposition caused further
changes in the resonance angle and the spectral shape (illustrated in Figure 1A,B; curves 3),
demonstrating binding of the ligand to the membrane fragments. The changes in resonance
position with ligand concentration allow us to obtain hyperbolic ligand binding curves yielding
apparent binding constants (KD). It is important to point out that the magnitude of the ligand-
induced PWR spectral shifts, in these and in the experiments reported below, are approximately
proportional to the mass density of membrane fragments deposited on the resonator surface,
the latter estimated from the magnitude of spectral shifts obtained (data not shown).

Figure 2 shows the binding curve of reduced cyt c2 to either membrane fragments obtained
from R. sphaeroides chromatophores (panel A) or to a bare sensor surface (panel B). In both
cases, as expected for the chromatophores and for a highly positively charged protein on a
silica surface, immobilization of cyt c2 occurred. However, the binding was approximately 10-
fold weaker in the case of the bare sensor. As is evident, a single hyperbolic curve adequately
fits the data in both cases. Furthermore, the s:p ratio obtained with the bare sensor and the
chromatophore fragments is approximately the same as observed in membrane deposition
(~0.65). We have also performed a control experiment in which cyt c2 was replaced by bovine
serum albumin with the chromatophore fragments. In this case, we did not observe any
measurable changes in the spectral position up to 100 μM protein. These experiments clearly
demonstrate the fact that molecules of cyt c2 interact specifically with the chromatophore
membranes with an apparent binding constant of 2.5 μM, and non-specifically with the silica
surface of the PWR resonator with an apparent binding constant of 30 μM. The KD value
obtained with the chromatophores is approximately the same as that obtained in PWR studies
with a purified cytochrome bc1 complex from a photosynthetic bacterium inserted into an egg
phosphatidylcholine bilayer deposited onto the PWR resonator surface (37). Thus, despite the
additional complexity of intact chromatophores (i.e. they contain reaction centers and
cytochrome oxidase, in addition to bc1) the results indicate that in both cases we are observing
a similar interaction. It should be noted that the KD values in Figure 2, as well as those presented
below, were obtained from a minimum of three separate experiments. In all cases, the error
values given correspond to those resulting from the hyperbolic fits; these were generally equal
to or larger than the errors obtained by averaging the values from the various experiments.

Figure 3A,B shows the binding curves obtained with membrane fragments isolated from
hMOR- and MC4-transfected HEK cells using both light excitation polarizations. Panel A
demonstrates an interaction between hMOR and a small peptide agonist ligand DAMGO,
whereas panel B shows the interaction between the MC4 receptor and a potent melanotropin
agonist Melanotan-II. In both cases there are rather large spectral shifts resulting in nM-range
binding constants that are very similar to those obtained with radioligands for these receptor
systems (32, 33, 38). It is also important to point out that the shifts obtained with the different
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polarizations are quite dissimilar, resulting in an s:p ratio of close to 2. This is in striking
contrast to the anisotropy value obtained after membrane fragment deposition and cyt c2
binding to chromatophores (see above). Such a high ratio indicates a significant anisotropy in
mass rearrangement as a consequence of ligand binding. Based on our previous experience
with single lipid bilayer membranes, we can conclude that both the large magnitude of the
resonance shifts and the anisotropy changes cannot be explained by a simple addition of mass
using such small peptides as ligands. This suggests that ligand binding to the receptor triggers
other processes besides structural changes in the receptor, for example mass movement within
the membrane fragments. The nature of these processes cannot be specified at the present time,
but they could include G-protein binding and activation as well as other downstream signaling
events. Further studies will be required in order to obtain a clearer understanding of these
events.

It is important to note that we have performed two control experiments with these systems.
First, we have examined ligand interaction with a bare PWR sensor surface, and second we
have probed the interaction between the ligands and non-transfected HEK cell fragments. In
both cases, no significant spectral shifts indicating no measurable binding to either the bare
sensor or the membrane in the nM range of ligand concentration were observed, confirming
that the spectral shifts observed with transfected cells are indeed related to the receptor-ligand
interactions.

The large spectral shifts observed with membrane fragments obtained from transfected HEK
cells indicated to us that we might be able to use native (non-transfected) membrane fragments
to observe spectral changes triggered by ligand binding with a receptor known to be present.
An example of such an experiment is given in Figure 4A,B in which we have used native
neuronal membrane fragments obtained from rat trigeminal ganglia. These are known to
contain the cannabinoid (CB1) receptor (39), and thus we challenged them with two structurally
distinct cannabinoid agonists (CP 55,940 and WIN 55,212–2). Note that the shifts are negative
for both polarizations and for both ligands. The binding results yield KD values that are in
excellent agreement with both those from radioligand binding experiments as well as with our
recent lipid bilayer PWR studies (35). Furthermore, the s:p ratios obtained with these two
ligands are different, indicating that different mass rearrangements are occurring as a
consequence of ligand binding. The negative shifts also indicate that mass density is decreasing
upon ligand binding, whereas in the other cases described above the mass density is increasing.
It is also noteworthy that, in the CB1 receptor- lipid bilayer experiments these two ligands also
produced different structural changes (35).

Since rat trigeminal ganglion cells are also known to contain the MOR (40), we performed
experiments using DAMGO as the ligand. In this case we also observed large spectral shifts
(Figure 5) in the positive direction, with a KD value similar to that obtained with the transfected
cell membranes described above. Thus, ligand binding to both the CB1 receptor and the MOR
can be observed in the same membrane preparation.

Conclusions
The results presented in these experiments clearly demonstrate that receptor-ligand interactions
can be observed using PWR spectroscopy in both native membrane preparations and in
membranes derived from cells that have been stably transfected with specific receptors. This
opens the door to studies in which receptor activation levels (as judged by spectral shift sizes),
ligand-induced mass density and distribution changes (as judged by shift directions and
anisotropies) and receptor properties (as judged by KD values) can be observed to change in
response to prior treatments of membrane fragments, cells or even whole organisms, such as
exposure to drugs or inhibitors or genetic modifications.
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The results also indicate that the PWR responses are monitoring both ligand binding events
and downstream processes involving proteins other than the receptor itself. This might prove
useful in mapping such downstream events via inhibitor studies or genetic modifications.
Taken together, these studies appear to offer a powerful new tool for obtaining useful biological
information about receptor-mediated processes.

Acknowledgments
This work was supported in part by grants from the NIH: DA06284 (to V.J. Hruby); DA13449 (to V.J. Hruby); and
GM21277(to M.A. Cusanovich).

Abbreviations used
PWR plasmon-waveguide resonance

SPR surface plasmon resonance

HEK human embryonic kidney

hMC4R human melanocortin-4 receptor

hMOR human μ-opioid receptor

CB1 cannabinoid-1

DAMGO [D-Ala2, NMe-Phe4, Gly-ol5]-enkephalin)

MTII Melanotan-II, Ac-Nle-c[Asp-His-DPhe-Arg-Trp-Lys]-NH2
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Figure 1.
Typical p-polarized PWR spectra obtained with either a bare sensor in contact with an aqueous
buffer (dashed-dotted line; curve 1), after membrane fragment deposition and washing (solid
line; curve 2), and after addition of ligand to the sample compartment at a saturating ligand
concentration (dashed line; curve 3; see Figs. 2–5). Panel A: chromatophore membrane
fragments with and without added cyt c2; binding curves shown in Figure 2A. Panel B: rat
trigeminal ganglion membrane fragments with and without added CP; binding curves shown
in Figure 4A.
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Figure 2.
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PWR spectral position minimum for both p (solid line) and s (dashed line) polarized excitation
light plotted as a function of the concentration of cyt c2 in the sample cell compartment. (A)
addition of cyt c2 to sample cell with chromatophore membrane fragments deposited on the
sensor surface and (B) addition of cyt c2 to sample cell with a bare sensor surface (without the
membrane fragments).
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Figure 3.
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Binding curves (as described in Figure 2) for either DAMGO (panel A) or MTII (panel B)
obtained with HEK membrane fragments transfected either with hMOR (panel A) or MC4
(panel B) receptors.
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Figure 4.
Binding curves for either CP (panel A) or WIN (panel B) obtained with native (non-transfected)
rat trigeminal ganglion membrane fragments.
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Figure 5.
Binding curves of DAMGO obtained with native (non-transfected) rat trigeminal ganglion
membrane fragments.
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