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ABSTRACT. Two nonstoichiometric ligand binding sites have been previously reported for the NK-1 receptor,
with the use of classical methods (radioligand binding and second messenger assays). The most populated
(major, NK-1M) binding site binds substance P (SP) and is related to the adenylyl cyclase pathway. The
less populated (minor, NK-1m) binding site binds substance P, C-terminal hexa- and heptapeptide analogues
of SP, and the NK-2 endogenous ligand, neurokinin A, and is coupled to the phospholipase C pathway.
Here, we have examined these two binding sites with plasmon-waveguide resonance (PWR) spectroscopy
that allows the thermodynamics and kinetics of liganglceptor binding processes and the accompanying
structural changes of the receptor to be monitored, through measurements of the anisotropic optical
properties of lipid bilayers into which the receptor is incorporated. The binding of the three peptides,
substance P, neurokinin A, and propionyl[Meff&]SP(7-11), to the partially purified NK-1 receptor

has been analyzed by this method. Substance P and neurokinin A bind to the reconstituted receptor in a
biphasic manner with two affinitiek¢; = 0.14+ 0.02 nM andKy, = 1.4+ 0.18 nM, andKq; = 5.5+

0.7 nM andKg, = 620+ 117 nM, respectively), whereas only one binding affinky & 5.5+ 0.4 nM)

could be observed for propionyl[Met@®|SP(7-11). Moreover, binding experiments in which one ligand

was added after another one has been bound to the receptor have shown that the binding of these ligands
to each binding site was unaffected by the fact that the other site was already occupied. These data strongly
suggest that these two binding sites are independent and non-interconvertible on the time scale of these
experiments (2 h).

Plasmon-waveguide resonance (P\W&pectroscopy isan  important aspect is that PWR has the unique capability of
innovative experimental methodology that enables in-depth independently examining changes in thek, andt values
characterization of proteirprotein, proteir-lipid, and pro- of a uniaxially oriented sample, such as a proteolipid film,
tein—ligand interactions occurring either within or at the both parallel and perpendicular to the membrane plane, in
surface of anisotropic thin films under native conditions and response to receptefigand interactions. As a result, one
without the use of labeld (-5). No labeling is required since  can monitor changes in the refractive index anisotropy in
the analytical method is dependent on the intrinsic optical relation to long-range molecular order and molecular con-
properties (refractive index), and optical absorption coef-  formation changes occurring in the membrane upon protein
ficient, k), as well as the thickness of thin layers of material ~ functional activity (e.g., ligand binding) in an environment
deposited onto the resonator surface. In this way, it is possibleclosely resembling the native state, i.e., a lipid bilay&r (
to detect as little as femtomole quantities of material. An Moreover, PWR spectroscopy possesses several significant

advantages compared to conventional surface plasmon
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allows direct measurements of the anisotropic optical proper-absolute positions of the spectra. This is due to a variety of
ties of biomembranes and real-time characterization of factors, e.g., variations in the properties of the lipid bilayer
changes in the mass density and molecular orientation ofand alterations of the resonator coating upon use. However,
molecules contained therein and thus can be used to monitothe magnitudes of the spectral shifts are reproducible and
the thermodynamics and kinetics of binding processes andcan be quantitatively compared from one experiment to
the accompanying structural changes. another. The data presented in Tables 2 and 3 are the average
In this study, we have incorporated the partially purified of three independent experiments for which errors are shown.
detergent-solubilized human neurokinin (NK-1) receptor into It should be noted that the scales (for bothxthandy-axes)
an egg PC lipid bilayer deposited onto the silica surface of used forp- and s-polarization data are different. This was
a PWR resonator and have directly observed the ligand-done for practical reasons, since the resonance spectra
induced conformational changes of the receptor. The NK-1 obtained withs-polarization are sharper and shallower than
receptor belongs to the superfamily of GPCRs (G-protein- those obtained withp-polarized light; thus, it is more
coupled receptors), more specifically to the rhodopsin-like convenient to use different scales.
subclass. This receptor is involved in a plethora of physi- The method is based upon the resonant excitation of
ological processes in the cardiovascular, respiratory, gas-collective electronic oscillations (plasmons) in a thin metal
trointestinal, immune, and nervous syste®s 10) through film (Ag), deposited on the external surface of a glass prism
the action of the tachykinin family of peptides to which overcoated with a dielectric layer (SiOPolarized light from
substance P (SP) belongs. There is evidence that SP alsa CW He-Ne laser £ = 543.5 nm) is used under total
plays a role in pain modulation and neurogenic inflammation internal reflection conditions. The resonant excitation of
(9, 10), and recent studies have associated this peptide withplasmons generates an evanescent electromagnetic field
the pathogenesis of certain affective disordet$).(The localized at the outer surface of the dielectric film, which
receptor containing the FLAG M2 peptide at the N-terminus interacts with molecules immobilized on this surface and can
and a hexahistidine tag at the C-terminus was first stably be used to probe their optical propertiés®). It is important
expressed in CHO K1 cells and its pharmacological profile to point out that the plasmon exciting laser light is totally
determined on the basis of the binding affinity and second reflected from the external surface of the prism and therefore
messenger production assays. Three agonist peptides weraever reaches the sample located on the opposite side of the
particularly useful: substance P (SP, H-Arg-Pro-Lys-Pro- plasmon-generating film. Because the resonance coupling
GIn-GIn-Phe-Phe-Gly-Leu-Met-N§, neurokinin A (NKA, generates electromagnetic waves at the expense of incident
H-His-Lys-Thr-Asp-Ser-Phe-Val-Gly-Leu-Met-N§{ and a light energy, the intensity of reflected light is diminished.
septide-like peptide, propionyl[Met@BSP(7—11) [the sep- The angular dependence of the reflectance corresponds to a
tide corresponds to [pGlilPrd]SP(6-11) (12)]. Results were PWR spectrum. Moreover, the resonance can be excited with
found to be similar to what had been previously reported light polarized with the electric vector either parallg) 6r
for the wild-type receptor1(3—15). For the PWR experi-  perpendicularg) to the membrane plane (which is opposite
ments, the interaction of the same peptide agonists with thewith respect to the incident plane), thereby allowing for
receptor was investigated. For SP and NKA, two distinct characterization of the molecular organization of anisotropic
binding processes were observed upon addition of increasingsystems such as biomembranes containing integral proteins
concentrations of ligand, which exhibit affinities comparable (1, 2).
to what has been observed in classical radiolabeling phar- The PWR spectra can be described by three parameters:
macological assayd4, 15). In contrast, for propionyl[Met-  spectral position, spectral width, and resonance depth. These
(O)YJSP(7-11), only one binding process was observed experimental features depend on the optical and structural
(even when high concentrations of this ligand were used). properties of the bilayer membrane, which are determined
The magnitudes, kinetics, and anisotropies of the conforma-by the surface mass density (i.e., the amount of mass per
tional changes occurring upon binding of each ligand to the unit surface area), the spatial mass distribution (i.e., the
receptor were measured. Also, by addition of one ligand after internal structure of the membrane, including molecular
the other to the receptor, the effect of having the receptor anisotropy and the long-range molecular order of the bilayer),
occupied by another ligand was investigated. The resultsthe membrane thickness, and the absorption or light scattering
obtained yield new insights about the nature of NK-1 binding properties of the membrane at the plasmon excitation
sites and their activation mechanism and demonstrate thatvavelength. These optical properties are described by three
PWR provides a direct and alternative approach to investi- parameters, the refractive index),( the extinction (or
gating transmembrane signaling. scattering) coefficient kj, and the thicknesst)( of the
membrane, which can be evaluated by thin film electromag-
EXPERIMENTAL METHODS netic theory based on Maxwell’'s equatioris 16). In this
Plasmon-Waeguide Resonance (PWR) Spectroscopy study, we are concerned only with the angular shifts and
Resonance spectra in this study were obtained using a Betamplitudes of the resonance spectra, without any analysis
PWR instrument from Proterion (Piscataway, NJ) that records using spectral fitting {) or graphical analysis procedures
the relative reflectance (i.e., the ratio of reflected to incident (17). These spectral properties reflect the values of the
light intensities) versus the absolute incident anglg df refractive index and the thickness of the proteolipid layer,
the exciting light with a resolution of 1 mdeg (millidegree). i.e., the mass density and spatial mass distribution related to
In our work, all PWR measurements were performed at 25 the long-range molecular order and molecular conformation
°C, which was kept constant within 0°C throughout the  of the sample], 2, 7). For nonspherical molecules oriented
experiment. It should be pointed out that independent PWR uniaxially on the resonator surfageyalues will be different
experiments generally yield different results in terms of the for s and p-polarization. This allows characterization of
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anisotropy changes due to alterations in the molecular responds to ligand is the NK-1 receptor. A Western blot was

orientation and structure of the molecules in the proteolipid
film (7).

Cell Culture CHO cells were cultured in Ham's F-12
medium (Invitrogen) supplemented with 10% fetal bovine
serum (Invitrogen), penicillin (100 units/mL) (Sigma), and
streptomycin (100 mg/mL) (Sigma) in a humidified atmo-
sphere containing 5% Cat 37 °C.

Binding and Second Messenger Assay®se assays have
been extensively described befot@{15). Briefly, for [3H]-

SP (120 Ci/mmol) binding assays, 6 10° cells per well
were used, while 5« 10* cells per well were needed for
[®H]propionyl[Met(0,)*YSP(7—11) (100 Ci/mmol) binding
experimentsi3—15). Time incubations at room temperature

performed in which a mouse anti-(Hisantibody (Qiagen)
was used followed by an Immun-Star chemiluminescent
protein detection system (Bio-Rad). Proteins were visualized
on X-OMAT photographic films (Kodak). A bicinchoninic
acid assay was performed to determine the protein concen-
tration in the sample (Pierce). The purple reaction product
was monitored at 560 nm using an enzyme-linked immun-
osorbent assay plate readeQuant; Bio-Tek Instruments,
Winooski, VT). Approximately 100ug of protein was
obtained after affinity purification when 20 plates (15 cm
diameter) of cells grown to confluence were harvested. The
biological activity of the solubilized and purified receptor
was not measured by classical radioligand binding assays

(22°C) had durations of 100 and 80 min in Krebs-phosphate but rather analyzed with PWR by the capacity of the ligand
buffer (13—15). For second messenger experiments, CHO to bind to the receptor with affinities similar to what has
cells were seeded 48 h before being labeled for 24 h with been published in the literature using competition assays with

[®H]inositol (0.5uCi per well) or PH]adenine (0.2«Ci per
well) (13—15).
Receptor Solubilization and Purificatio@onfluent mono-

radiolabeled ligands. It has been reported by several labo-
ratories that the affinity of the receptor for its ligand varies
depending on the receptor environment (lipid vs detergent).

layers of CHO cells, grown in 15 cm dishes, were washed Measuring the receptor biological activity in the lipid bilayer,
with Ham’s F-12 basic medium and harvested using 5% as performed in this study, is advantageous because the

trypsin in F-12. After centrifugation (2500 rpm for 20 min
at 4 °C), the pellet was resuspended in 25 mM Tris-HCI
(pH 7.4) containing protease inhibitors (1 mL/L) that are

designed to be used with metal chelating columns (Sigma).

system mimics better the receptor biological environment
and gives binding affinities similar to those obtained using
native membrane preparations.

Lipid Bilayer Formation and Receptor Incorporatiom

Cell lysates were homogenized by 10 strokes with a tissuethis study, we used self-assembled solid-supported lipid

grinder. The homogenates were centrifuged at 48000
(Beckman Coulter, Fullerton, CA) for 30 min at°€ to

membranesl). The method of preparation uses the same
principles that govern the spontaneous formation of a freely

remove nuclei and debris. Supernatants were aspirated, anduspended lipid bilayer membrane (called a black lipid
the membrane-enriched pellets containing the NK-1 receptormembrane) 18). Briefly, bilayer generation involves the

were resuspended in solubilization buffers 25 mM HEPES,
30 mM octyl glucoside (Sigma), 0.5 M KCI, and protease

spreading of 2uL of a lipid solution [7 mg/mL egg
phosphatidylcholine (Avanti Polar Lipids) in a squalene/

inhibitors (1 mL/L). The membranes were then homogenized butanol/methanol mixture (0.05:9.5:0.5, v/v)] across a small

with 15 strokes and centrifuged at 42@0@Beckman
Coulter). This allowed the separation of a small amount of

orifice in a Teflon spacer which separates the silica waveguide
surface from the aqueous phase [10 mM Tris-HCI containing

insoluble material from the supernatant. The supernatant was).5 mM EDTA and 10 mM KCI (pH 7.3)] in the PWR cell

added to a nickel chelating resin (His-Select HC nickel
affinity gel; Sigma) (0.5 mL of resin per gram of lysed cells)
in a 10 mL polypropylene column (Pierce, Rockford, IL)
pre-equilibrated with the solubilization buffer mentioned
above and placed on a rocker platfornn foh at 4°C. The
resin was incubated first (20 min) with the detergent buffer
containing 30 mM imidazole followed by the same procedure
but with 60 mM imidazole to remove nonspecifically bound

(2). The hydrophilic Si@surface is covered with a thin layer
of water of condensation19, 20) 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 to the sample compartment of
the PWR cell, which results in formation of an annular
plateau-Gibbs border of lipid solution that anchors the

proteins. The resin was then washed once with 3 column membrane to the Teflon spacer. This border allows mem-

volumes of solubilization buffer followed by elution with
the same buffer containing 100 mM imidazole [a similar

brane flexibility wherein the bilayer can deform and lipid
molecules can become displaced or recruited upon insertion

procedure has been used in the purification of the hDOR of a membrane protein or as a result of ligand-induced protein
(5)]. The purity of the receptor preparation was assessedconformational changes. This produces a lipid bilayer with
using a 10% SDS electrophoresis gel which was developeda thickness of~5.5 nm, including the hydrated lipid

with silver staining. The gel exhibited mainly two bands,

one around 60 kDa that should correspond to the post-

translational modified form of the receptor and the other of

headgroups21) (before the incorporation of receptor).
The incorporation of the human NK-1 receptor into this
lipid bilayer was accomplished by introducing the purified

approximately twice this mass that may correspond to a and detergent-solubilized receptor into the aqueous compart-
dimer of this receptor or to a contaminant protein (see the ment under conditions that dilute the detergent to below the

Supporting Information). It should be pointed out that the

critical micelle concentration, which allows the membrane

receptor was not extensively purified in these studies. As protein to spontaneously incorporate into the lipid bilayer.
discussed below, the existence of contaminant proteins inThe system equilibrated (no further shifts observed in the
the receptor preparation does not interfere with the PWR spectra) ir~1—2 h, after which the cell sample was washed
signal as one measures the ligand-induced receptor conforwith buffer to remove loosely bound receptor molecules. This
mational changes, and so, the only protein in the system thatprocess usually led to a small shift (when compared with
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the total shift upon receptor incorporation given below) in 7 0 1- Pharmacological Analysis of the FLAG M2-hNK-1-(His)
the PWR spectra~5—10 mdeg) to smaller angles, after Receptor Stably Expressed in CHO K1 Cells

which it stabilizes. It should be pointed out that the addition B
of the buffer system used for the sqlubilization o.f.the receptor radiolabeled peptide Kq ("M)  (fmol/mg of protein)
to the PWR cell _sample after bilayer dep_osmon did not *Hjsubstance P (NK-1M site) 1301 9400% 600
produce changes in the PWR spectra. Experiments have beefeypropionyl[Met(0,)SP(7-11) 4.3+ 0.2 1600+ 320
performed (T. Georgieva, personal communication) with  (NK-1m site)
CHO cells (K1 cell line; the same used to express the NK-1 " a1 radioligands recognize either one (NK-1ri)Jpropionyl-
receptor) expressing no receptor, and no significant shifts [Met(0,)!SP(7-11), or both (NK-1m and NK-1M),3H]SP, NK-1
in the spectra were produced when membrane homogenateinding sites. However, according to the cell number (5000 cells per
from this cell line were added to the PWR cell sample after Well). the SF"(*(‘;_iﬁC binding OfSH]S';ﬂi;tOg”'y '\'.K'll'\l’.' Siteosl%)' Bigi:g
. I . . parameters (dissociation constal ,ana maximal ligan oun
b||aye_r_dep0_5|t|on, showing t_hat Ot_her pr_otems_that may be were determined on membrane homogenates. The NK-1M and NK-
copurified with the receptor did not insert in the lipid bilayer.  1m binding sites had previously been shown to be related to cAMP
Further addition of ligands to the above-described systemand IP accumulation, respectively (Table 2).
also produced no changes in the spectra, also demonstrating
that the small quantities of contaminant protein in the PWR 1,110 ~ b armacological Analysis of the FLAG M2-hNK-1-(His)
experiments did not interfere with the spectral changes receptor Stably Expressed in CHO K1 Cells
observed upon the ligand-induced receptor conformational
changes described below. g ony Mot )]
e : s second messenger propionyl[Me -
Addition of ITlgand to the Proteolipid SysteBetweeleo pathway substance P NKA SP(7-11)
and 10QuL of ligand{SP, NKA, and propionyl[Met(&)*]-
SP(711)} dissolved in the above-mentioned buffer system ICF',AMP (NK-IM) 1126 1000+ 350 ~5000
AN (NK-1m) 30+05 22+08 1147
was added to the cell sample such that after dilution in the

cell chamber, the target concentration was achieved. The first_ Potencies of SP, NKA, and propionyl[Met§®]SP(7-11) in
stimulating the accumulation of cAMP or IP were measured on whole

concentration point was chosen to be approximately 1 order cyyo celis. The NK-1M and NK-1m binding sites had previously been
of magnitude lower than the published value of the dissocia- shown to be related to cAMP and IP accumulation, respectively.

tion constant i) for that ligand. Incremental amounts of
ligand were then added in a cumulative fashion, and the PWRminor NK-1m binding site (data not shown) selectively
spectra were acquired for each point when equilibrium was labeled with fH]propionyl[Met(Q,)]SP(7-11). As the NK-
reached (i.e., when no further changes in the PWR spectralM and NK-1m binding sites have been related to adenylyl
occurred,; this requires-10 min for the first binding process  cyclase and phospholipase C activation, respectivieyl,
and less than 1 min for the second on).values were 22, 23), the potency of SP, NKA, and propionyl[Met{d"]-
obtained by plotting the resonance minimum position for the SP(7-11) in stimulating the two intracellular metabolic
PWR spectra as a function of ligand concentration and fitting pathways has been evaluated (Table 2). As expected, all three
to the hyperbolic function that describes the 1:1 binding of peptides are potent agonists with respect to accumulation of
a ligand to a receptor using GraphPad Prism (GraphPadIP second messenger, while only SP is efficient in stimulating
Software). Since the spectral shifts were directly proportional cAMP (Table 2).
to the amount of ligand bound and this quantity was much  With regard to PWR experiments, NK-1 receptor mol-
smaller than the total amount of ligand added, this analysis ecules were incorporated into a preformed lipid bilayer
resulted in a thermodynamically valid binding constant (see deposited on the hydrophilic silica surface (see Experimental
below). Methods for details) by addition of small aliquots of a
RESULTS concentrated solution of protein (200 nM being the total
added concentration of the protein after dilution in the cell
The human NK-1 receptor containing the two labels at sample compartment) dissolved in 30 mM octyl glucoside
the N-terminus (Flag M2) and C-terminus (hexaHis) of its detergent-containing buffer to the aqueous volume of the cell
sequence has been cloned in CHO K1 cells. The clone usedsample. This process dilutes the detergent to below the
herein expressed high levels of the receptor. Saturationcritical micelle concentration (25 mM for octyl glucoside),
binding studies were done witBH]SP that binds at the two  resulting in a spontaneous transfer of receptor molecules from
NK-1 binding sites and with3H]propionyl[Met(Q,)'SP- micelles to the bilayer. It should be noted that not all receptor
(7—11) that is selective for the less populated NK-1m binding molecules that are added to the PWR cell sample are inserted
site (L4). Moreover, as reported for the wild-type receptor into the lipid bilayer. Indeed, previous studies performed with
(14), only one binding affinity could be determined for the the hDOR, where the amount of receptor in the lipid bilayer
two radioligands (Table 1). The maximal binding parameters was determined, have shown that ort$% of the receptor
(Bmay differ for the two radioligands, the one corresponding that is added to the cell sample is incorporated into the bilayer
to [*H]propionyl[Met(Q,)*SP(7-11) being 17% of the  (24). It has also to be mentioned that the receptor preparation
receptor population bound byH]SP. Competition binding  is quite pure and does not contain detectable receptor-
studies (not shown) with SP, NKA, and propionyl[Met{&]- interacting proteins, such as G-proteins as observed by SDS
SP(711) with one or the other radioligands confirmed that gel electrophoresis (see the Supporting Information). It
[®H]SP mostly binds to the major binding site (NK-1M) for  should be pointed that we do not know the directionality of
which SP is a high-affinity competitor, while NKA and incorporation of the receptor into the lipid bilayer. As was
propionyl[Met(G)*SP are low-affinity binders. On the other  observed with the hDOR5] which belongs to the same
hand, all three peptides are high-affinity competitors for the subclass of GPCRs as the NK-1, we presume that the receptor

second messenger productionsg M)
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1.0 polarization than fors-polarization (150 mdeg forp-
o 08 polarization vs ~90 mdeg for s-polarization). This is
g 06+ characteristic of an anisotropic structural change, as was also
8 o4 observed previously in studies with the hDOB) (@and
e rhodopsin 24), consistent with the cylindrical shape of the
02 receptor which is uniaxially oriented within the lipid bilayer
00— — 77 (i.e., long axis oriented perpendicular to the lipid bilayer),
64.4 64.8 65.2 rather than just randomly adsorbed to the bilayer surface,
Incident angle, deg clearly reflecting a corresponding increase in the average
long range molecular order and the thickness of the
B 107 membrane resulting from receptdipid interactions. The
3 receptor incorporation also produced changes in the depth
g %87 of the spectra, which are also due to these interactions. The
2 lipid bilayer thickness is expected to increase upon receptor
g 067 incorporation with the hydrophobic portion of the protein
localizing within the bilayer interior and the peripheral
7 portions of the protein extending outside the membrane on
6772 6780 67.88  67.96 each side of the bilayer. To quantify these effects, spectral

Incident angle, deg fitting procedures have to be utilized, which are beyond the

Ficure 1: PWR spectra representing the incorporation of the human scope of this work. However, the results are qualitatively
NK-1 receptor into an egg PC solid-supported lipid bilayer. Panels consistent with expectations.

A and B show the spectra for the lipid bilayer before (solid line) . .

and after (solid line with+ symbols) receptor incorporation (the Changes in the PWR spectra caused by ligamteptor
final receptor concentration in the PWR sample cell was ap- interactions are shown in Figures-2. These also reflect
proximately 200 nM) obtained witp-polarized (A) and-polarized alterations in the andt values k values different than zero

(B) light, respectively. result only from scattering effects, inasmuch as the PWR
is bidirectionally oriented, with either the ligand-binding site €*citation wavelength is not absorbed by any of the sample

or the G-protein binding site facing the aqueous compartmentc0mMPonents) resulting from mass increases and/or changes
of the PWR sample cell. As can be seen in panels A and BN conformation 4, 21). In control experiments, the ligands
of Figure 1, the incorporation of the receptor into the lipid Were added to the lipid bilayer (in the absence of receptor)

bilayer produced a shift to higher angles for bgthand and no appreciable shifts were observed in the PWR signal.
s-polarized light (in the interpretation of this, differences in ~ The qualitative aspects of the spectral changes associated
the x-axis scale should be taken into account). These arewith the interaction of each of the ligangSP, NKA, and
related to increases in the refractive index due to an increasepropionyl[Met(Q)']SP(7—11)} with the NK-1 receptor

in the deposited mass on the resonator surface, as well as teeconstituted in the lipid bilayer are described in Figured 2
increases in the proteolipid film thickness. The shifts As can be seen in panels A and B of these figures, the
produced upon receptor incorporation were larger gor interaction of the ligand with the proteolipid system resulted

A 044
o 034
Q
g 0.2
Q —
g o
& 35-
7] =
&0.1- 2 c
g 304
- &
0.0 T T T T T T T 1 _é 25_
64.7 64.8 64.9 65.0 =
. S 204
Incident angle, deg E= s« Kp=0.14£0.02 nM
2 159 . Kp=0.16+0.02nM
B 10+ S 104 . .
< A
3 § 5 KD=1.4:EO.18nM
g %87 K + Kp=12£02210M
8 0 T T 1 h T T T T
% 064 0.0 0.1 0.2 0.30.5 1.5 2.5 3.5 45
g o
[SP], nM
0.4
I ! | ! | ! 1
67.85 67.90 67.95 68.00

Incident angle, deg

Ficure 2: PWR spectra obtained after incremental addition of SP to the NK-1 receptor reconstituted into the lipid bilayer. Panels A and
B represent the spectra obtained after incorporation of the NK-1 receptor into the lipid bilayer (solid line) and after the addition of 0.3 nM
(solid line with O symbols) and 5 nM (solid line witl® symbols) of SP obtained with- and s-polarized light, respectively. Panel C
represents the binding curves obtained for the incremental addition of SP to the receptor, obtaipegolétized W) ands-polarized @)

light. The total spectral shifts observed are presented in Table 3. The solid lines indicate single hyperbolic fits to the data with dissociation
constant Ky) values given in Table 4.
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Ficure 3: PWR spectra obtained after incremental addition of NKA
to the NK-1 receptor reconstituted into the lipid bilayer. Panels A
and B represent the spectra obtained after incorporation of the NK-1
receptor into the lipid bilayer (solid line) and after the addition of
10 nM (solid line withO symbols) and M (solid line with @
symbols) of NKA, obtained witlp- ands-polarized light, respec-
tively. The total spectral shifts observed are presented in Table 3.
Kg values are given in Table 4.

in shifts in the spectra to larger angles for bgih and
s-polarized light and for both concentration ranges that were
investigated{ note that for propionyl[Met(@]SP(7—11)
only one binding event was obseryed hese are a result of

Alves et al.
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Ficure 4: PWR spectra obtained after incremental addition of
propionyl[Met(Q,)1SP(7-11) to the NK-1 receptor reconstituted
into the lipid bilayer. Panels A and B represent the spectra obtained
after incorporation of the NK-1 receptor into the lipid bilayer (solid
line) and after the addition of a maximum concentration @f\l

S

both rzceptdorba”dh ||p||_d b";‘yg.r g.onforma;'on Changeslth.at (solid line with@ symbols) propionyl[Met(@)*]SP(7—11) obtained
are induced by the ligand binding to the receptor. It IS it p- ands-polarized light, respectively. Panel C represents the
particularly interesting to note that the shifts produced in binding curves obtained for the incremental addition of propionyl-
the first binding event for the SP and NKA ligands are mostly [Met(O,)*']SP(7-11) to the receptor obtained wifhpolarized )
isotropic (shifts in thep- and s-polarized light are similar ~ and S'Ptc"gr_'zer é‘l) ggqth Thel_éol_tm Spegtratl sh_lftsI ort]aservgdl_arfz_at
: : _ Al presented in lable o. € Solld lInes Inaicate single nyperpolicC Tits
In magnitude) and are small -69[0 mdeg forp-polariza to the data withKy values given in Table 4.

tion and 8-9 mdeg fors-polarization); the second event

produces anisotropic spectral shifts (shiftsgeguolarization

; ~PE It is important to note that, in these experiments, we do not
are larger than those fas-polarized excitation), and the

, , directly determine the concentrations of the receptor and
spectral changes are larger in magnitude+28 mdeg for  jigand'in the PWR cell. Affinities are determined on the basis
p-polarization and 1317 mdeg fors-polarization) (panel C ot the PWR spectral changes that occur due to mass increases
of Figures 2 and 4 and Table 3). These results indicate thatang structural transitions in the proteolipid system upon
the different concentrations of ligand produced different j,cremental addition of ligand to the sample cell. Only
structural changes in the proteolipid system that correspondsmaerial that is deposited on the resonator surface affects
to different receptor conformational states. Itis also possible he pWR signal; i.e., there is no interference from the
that the different magnitudes of the spectral changes observednaterial that is in the bulk solution. Thus, the spectral
for. the two binding events could be ascribed to dllfferent changes are proportional to the amount of ligand bound to
ratios of two receptor isoforms, one that would bind the the receptor, and plots of spectral shifts versus bulk ligand
ligand at a low concentration and the other at a high concentration allow a direct determination of binding affinity.
concentration. However, the different anisotropies would | other words, each concentration point in a saturation curve
still require that the structural changes produced by theseCorregpomjS to the total ligand added to the aqueous
two isoforms be different. The kinetics of the conforma- compartment versus the amount bound, and it is assumed
tional changes associated with the two binding events werethat the bulk material is able to freely diffuse and equilibrate
also quite different, the first binding process being slower jth the membrane. Thig values obtained here (Table 4)
(reaching equilibrium in~20 min) than the second one, correlate well with the ones obtained using pharmacological
which occurred in seconds (430 s to reach equilib-  assays14, 15), showing that the receptor was biologically
rium). functional and that the PWR spectral shifts represent receptor
By plotting the PWR spectral shifts obtained for the conformational changes that occur upon ligand binding and
incremental additions of ligand, one obtains hyperbolic are not dictated by the presence of specific G-proteins.
curves that can be fit to obtain thg value for the interaction In the case of propionyl[Met(9']SP(7—11) binding to
of the ligand with the receptor (panel C of Figures 2 and 4). the receptor, only one binding curve was observed, even
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Table 3: Resonance Position Shifts Observed upon Binding of Ligand to NK-1 by PWR Spectfoscopy

Entry Ligand Resonance position shift (mdeg)
p-pol. ‘ s-pol. p-pol. ‘ s-pol.
1 Substance P (SP) [0.3nM] [5aM]_.
10 ‘ 8 19 ‘ 11
2 Neurokinin A (NKA) [10 nM],_, [6000 nM]_,
9 ‘ 8 23 ‘ 17
3 propionyl[Met(O,)"ISP(7-11) [1000 nM],__
13 ‘ 10 ‘ only one binding curve
4 SP 1°/ NKA 2nd two binding curves for SP
NKA had no effect
5 SP Ist two binding curves for SP
propionyl[Met(O,)"ISP(7-11) 2nd propionyl[Met(O,)'1SP(7-11) had no effect
6 NKA 1st NKA [40 nM]_ SP [3nM]_
SP 2nd one binding curve one binding curve
10 9 19 12
7 NKA 1st NKA [1000 nM]_, two binding curves
propionyl[Met(O,)"1SP(7-11) 2nd propionyl[Met(O,)"'ISP(7-11) had no effect
8 | propionyl[Met(O,)"ISP(7-11)1st propionyl[Met(O,)"ISP(7- SP[3nM]__
11) [1000 nM]_,
SP 2nd one binding curve
one binding curve
12 10 20 ‘ 10
9| propionyl[Met(O,)"ISP(7-11)1st propionyl[Met(O,)"ISP(7- NKA [1000 nM]_,
11) [1000 nM]_,
NKA 2nd one binding curve
one binding curve
11 ‘ 10 24 ‘ 16

a Results for one ligand were obtained with the ligand alone or after binding of a second ligand to observe possible effects of the first ligand on
the binding of the second. The results were obtained from three independent experiments; ettdrsraley.

when the concentration of ligand was increased up ad11 To test the effect of the presence of one ligand on the
(3 orders of magnitude above tKgreported for this ligand),  binding process and receptor conformational change of
suggesting that only one conformational state is induced in another, one ligand was added at low concentrations to the
the receptor. This could mean that only one of the two receptor (to occupy only one of the binding sites) and the
binding sites was being occupied or that both sites were PWR spectral changes were monitored. The second ligand
occupied with similar affinities and similar spectral changes. Was then added, and again the process was followed. In all
The second possibility is however ruled out since pharma- €ases, the presence of the first ligand did not measurably
cological studies have shown that this ligand binds with high affect the binding process of the second, in terms of both
affinity to only one of the binding sitest, 15). Again the thg net spectral shifts observeq (Table 3) and the binding
observedK, value (Table 4) was comparable to the one affinities (Table 4), as well as kinetically (data not shown).

reported in the literaturel@, 15). In addition, the magnitude The results indicate that the two binding sites are independent

) and non-interconvertible, at least in the time domain of the
of the conformational changes was comparable to the ones

observed for the low-concentration binding curves (corre- experiment (+2 h).
sponding to binding to the minor binding site, NK-1m) of
both SP and NKA (Table 3). The kinetics of binding of 2 oCUSSION

propionyl[Met(Q)"]SP(7-11) to the receptor was slow  pespite numerous studies, both physiologically and in a
(equilibrium was reached in approximately 20 min), again recombinant system, the unusual pharmacological behavior
comparable to that observed with the lower-concentration of the NK-1 receptor is still puzzling26—29). In particular,
binding event of both SP and NKA. These correspondencespharmacological studies in this laboratory have shown that
suggest, but do not prove, that the NK-1m site is the one two distinct binding sites exist in this receptdi3( 14). The
being occupied by this ligand. major binding site, NK-1M, binds substance P that has been
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Table 4: Affinities between Ligands and the NK-1 Receptor As Determined by PWR Spectrdscopy

Entry Ligand Kd (nM)
p-pol. s-pol. p-pol. s-pol.
1 Substance P (SP) [0.3nM] [5naM],
0.14+£0.02 | 0.16+0.02 1.4+0.18 1.2+£0.22
2 Neurokinin A (NKA) [10nM]_ . [6000 nM]_
5507 57+1 620+ 117 574+ 166
3 propionyl[Met(O,)"1SP(7-11) [1000 nM],__,
55104 7+09 Only one binding curve
4 SP Ist two binding curves for SP with similar Kd’s as in entry 1
NKA 2nd NKA had no effect
5 SP Ist two binding curves for SP with similar Kd’s as in entry 1
propionyl[Met(O,)''1SP(7-11)2nd propionyl[Met(0,)"'1SP(7-11) had no effect
6 NKA Ist NKA [40 nM], SP [3nM],
SP 2nd one binding curve one binding curve
5709 5608 1.3+0.2 12+023
7 NKA 1st NKA [1000 nM]__ ; two binding curves with similar Kd’s
N as in entry 2
propionyl[Met(O,) '1SP(7-11) 2nd
propionyl[Met(O,)'ISP(7-11) had no effect
8 propionyl[Met(O,)"1SP(7-11) 1st | propionyl[Met(O,)"1SP(7- SP[3nM],_,
11) [1000 nM],
SP 2nd one binding curve
one binding curve with
1.4+0.24 1.3+£0.21
similar Kd’s as in entry 3
9 propionyl[Met(O,)"ISP(7-11) 1st | propionyl[Met(O,)"1SP(7- NKA [1000 nM]__,
11) [1000 nM],,,
NKA 2nd one binding curve
one binding curve with
635+132 | 601+148
similar Kd’s as in entry 3

2 The maximum ligand concentration added is shown in each case. In some experiments, a second ligand was added after the first one to determine
if binding occurred. The results were obtained from three independent experiments, and errors are given.

shown to activate adenylyl cyclase. The minor binding site, distinct, the minor site conformational change being slower
NK-1m, also binds substance P, as well as neurokinin A, (on the order of minutes) than the major site conformational
the endogenous NK-2 ligand, and is responsible for the change (on the order of seconds). The experiments involving
activation of phospholipase C. These two binding sites are binding of one ligand after the other has been bound to the
not present in stoichiometric quantities, the major NK-1M receptor show that the binding of ligand to each binding site
site predominating both in the rat submandibular glands andis unaffected by the fact that the other has already been
in CHO cell lines stably transfected with the human NK-1 occupied. These data indicate that the two binding sites are
receptor 14). The septide-like ligand was demonstrated to associated with different conformations of the receptor and
bind selectively to the minor sitel§) and was used here to  are totally independent and non-interconvertible, at least on
investigate possible conformational interconversion betweenthe time scale of the experiment. In addition, non-PWR
the two binding sites induced by the liganth). kinetic, saturation, and competition studies performed using
The PWR studies presented here provide information about[*H]propionyl[Prd]SP also have demonstrated the existence
the conformational changes and affinities associated with of two independent binding sites that are non-interconvertible
ligand binding to each receptor binding site. The data show (15). The results obtained here not only confirm the studies
that the conformational change induced by ligand binding mentioned above but also extend these by providing valuable
to each site, in the absence of G-protein and intracellular information about the properties of the distinct conforma-
machinery, is distinctly different. Specifically, the confor- tional states observed in the receptor in terms of both their
mational change produced by occupancy of the minor site magnitude and anisotropies.
is smaller and isotropic and that produced by occupancy of The use of a model system in our studies, compared to
the major site is larger and anisotropic. The kinetics the in vivo system described above, consisting of a receptor
associated with each binding site was also found to be reconstituted into a lipid bilayer where G-proteins and other
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proteins are absent, also provides valuable information interchange, or the existence of two isoforms of the receptor
regarding the basis for the existence of the two binding sites. that could arise from different post-translational modification-
Specifically, our studies demonstrate that the existence of(s) of the same gene. Although this question requires further
two binding sites in this receptor is an inherent property of exploration, the results presented herein do not exclude the
the receptor and not a result of preferential coupling of this existence of two receptor populations but do rule out the
receptor with a particular protein (e.g., G-protein) as previous hypothesis that these two binding sites are only ligand-driven
pharmacological data indicatetl4). Moreover, in a recent  alternative tertiary conformations of a single receptor species,
report, Monastyrskaya et aB@) used biochemical methods as described for other GPCR&( 41).
and immunofluorescent labeling to localize the NK-1 receptor
in lipid rafts and caveolae in living cells. On this basis, it SUPPORTING INFORMATION AVAILABLE
has been proposed that different lipid environments (namely,
disordered and ordered lipid domains, i.e., rafts) could give A SDS gel electrophoresis and western Blot analysis
rise to the ligand binding behavior observed with this showing the purification of the NK-1 receptor. This material
receptor. Our results rule out this possibility since the distinct is available free of charge via the Internet at http:/
conformational states have been observed here in a homopubs.acs.org.
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