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SUMMARY

Propionyl-[Met(O,)" "Jsubstance P(7-11) [ALIE-124 or propio-
nyl-[Met(0,)'']SP(7-11)] has been designed as a septide-like
ligand adequate for tritiation and, therefore, adequate for bind-
ing studies. In Chinese hamster ovary (CHO) cells expressing
human tachykinin neurokinin (NK)-1 receptors, ALIE-124 dis-
placed [*H][Pro°]substance P (SP) from its binding site at mi-
cromolar concentrations. However, ALIE-124 stimulated phos-
phatidylinositol hydrolysis, as previously shown for septide-like
peptides. With [2HJALIE-124 (95 Ci/mmol), we have been able
to reveal a high affinity binding site in CHO cells (K, = 6.6 = 1.0
nwm), with a low maximal binding capacity. [PHJALIE-124 specific
maximal binding represented only 15-20% of that observed
with [®H][Pro®]SP in CHO cells. Septide-like peptides, includ-

ing septide and NKA, were potent competitors (in the nanomo-
lar range) of [®H]ALIE-124 specific binding site. Interestingly,
SP and [Pro®|SP were also potent competitors, with 10-fold
greater potency for sites labeled with [PH]ALIE-124 than for
sites labeled with [*H][Pro®]SP. The NK-1 antagonist RP 67580
also showed a higher potency for [*H]JALIE-124 than for
[BH][Pro®]SP-specific binding sites. NKB and [Lys®methyl-
Leu®,Nle'°]NKA(4-10) displaced [*H]ALIE-124 binding but with
lower potency, whereas senktide had no affinity. The existence
of [PH]ALIE-124 specific binding sites was also demonstrated in
rat submandibular gland. In this tissue, [®H]ALIE-124 specific
maximal binding was higher, reaching 40-50% of that achieved
with [®H][Pro®]SP.

[Pro®]SP (1) and septide [pGlu®,Pro°]SP(6—11) (2) were
originally described in 1986 as selective agonists of the tachy-
kinin NK-1 receptor. However, the molecular basis for the
action of septide on tachykinin receptors has been a paradox
for the past 10 years (2—4). This synthetic carboxyl-terminal
analogue of SP (Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-
Met-NH,) has a very low binding affinity for any of the
described tachykinin NK-1, NK-2, or NK-3 receptors (ICjy,
values in the micromolar range) (5, 6). Nevertheless, in nu-
merous, but not all, in vitro preparations or in vivo experi-
ments, septide is as active as SP (EC;, values in the nano-
molar range). Furthermore, specific NK-1 antagonists inhibit
the action of septide; most of them are significantly more
potent against septide-evoked than on substance P-evoked
responses (3, 7-9). All these observations led us to postulate
the existence of “septide-sensitive” tachykinin receptors in
the guinea pig ileum (3, 7). This proposal was then supported

by other groups who provided further pharmacological evi-
dence for this paradoxical mode of action in other tissues (5).
However, this hypothesis has proved controversial, and other
groups have also suggested that septide behaves as an ago-
nist for the tachykinin NK-1 receptor, acting at a site distinct
from SP (10). Huang et al. (11) speculated that septide may
occupy only part of the binding site devoted to the undecapep-
tide SP. Both conclusions arose from experiments performed
with CHO or COS cells transfected with the tachykinin NK-1
receptor (for a review, see Ref. 6).

In CHO cells transfected with the tachykinin hNK-1 recep-
tor cDNA, PI metabolism was similarly activated by both
NK-1 agonists and previously classified “septide-like” mole-
cules (i.e., peptides with low or micromolar affinity for spe-
cific NK-1 binding sites, respectively) (12). Furthermore, an
excellent correlation was found between the EC,, values of
several tachykinin analogues on IP production in CHO cells

ABBREVIATIONS: SP, substance P; NK, neurokinin; ALIE-124, propionyl-[Met(O,)!"]substance P(7-11); CHO, Chinese hamster ovary; PI,
phosphatidylinositol; BSA, bovine serum albumin; PMSF, phenylmethylsulfonyl fluoride; DMSO, dimethylsulfoxide; PLC, phospholipase C; hNK,
human neurokinin; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid.
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and their EC;, values determined in the guinea pig ileum
bioassay (13). In contrast to PI turnover, cAMP production in
CHO cells was stimulated only by NK-1 agonists, which
present high affinity for [*H][Pro®]SP specific binding sites,
with septide-like molecules being only weakly active (12).
Moreover, the activities (EC5,) of tachykinin analogues on
cAMP pathway correlated with their affinities (IC;,) for spe-
cific tachykinin NK-1 binding sites (13).

All attempts to identify a specific binding site for septide on
the NK-1 receptor protein with iodinated septide-like pep-
tides have so far failed. In the present study, with the use of
a new tritiated septide-like molecule, [*HJALIE-124 ([2,3-
SH]propionyl-Phe-Phe-Gly-Leu-Met(O,)NH,), we have been
able to detect a high affinity specific binding site for this
radiolabeled peptide on membranes from CHO cells trans-
fected with the tachykinin hNK-1 receptor. This high affinity
specific binding site was also found on membrane prepara-
tions from rat submandibular glands. Interestingly, in both
preparations, the maximal binding capacity (B,,,) of
[PHJALIE-124 was always lower than that found with
[®H][Pro®]SP. Furthermore, the ratios of [PHJALIE-124 spe-
cific binding sites to those of [*H] [Pro°]SP were different in
membranes from CHO cells transfected with the hNK-1 re-
ceptors and those prepared from submandibular glands.

Experimental Procedures

Materials

[11-3H][Pro®]SP (65 Ci/mmol) was synthesized at CEA (Saclay,
France) according to Chassaing et al. (14). myo-[2->H]Inositol (22.3
Ci/mmol) and [2,8-*H]adenine (26.8 Ci/mmol) were from DuPont-
New England Nuclear (Les Ulis, France). N-Succinimidyl-[2,3-
SH]propionate (95 Ci/mmol) was from Amersham (Les Ulis, France).
SP, [Pro®lSP, septide, ALIE-124, NKA, and [Lys®, methyl-
Leu®,Nle'’]NKA(4-10) were synthesized in the Laboratoire de
Chimie Organique Biologique (Paris, France). NKB and senktide
were from Bachem Biochimie (Voisins-le-Bretonneux, France). RP
67580 was a generous gift from Dr. C. Garret (Rhone-Poulenc Rorer,
Paris, France). BSA was from Calbiochem (Meudon, France). Ham’s
F-12 cell culture medium, fetal calf serum, HEPES, streptomycin,
penicillin, and geneticin were from GIBCO (Eragny, France).
3-Isobutyl-1-methylxanthine, bacitracin, leupeptin, chymostatin,
amastatin, phosphoramidon, polyethyleneimine, imidazole, LiCl,
cAMP, ATP, EDTA, PMSF, leupeptin, soybean trypsin inhibitor,
cholera toxin, and tunicamycin were from Sigma (Saint Quentin
Fallavier, France). Captopril was a generous gift from Squibb Labs
(Nevilly sur Seine, France). AG 50W-X4 Dowex resin, in the hydro-
gen form (200—400 mesh) and AG 1-X8 Dowex resin in the formate
form (200—400 mesh) were from BioRad (Ivry-sur-Seine, France).
Alumina N-Super I was from ICN Biomedicals (Orsay, France).

Materials and Methods

Peptide solubility. All peptides were dissolved in water and
stored at a concentration of 1 mM at —20°, except NKB (final con-
centration, 0.1 mM), which was dissolved first with DMSO (final
concentration, 4%) and then diluted with 0.1 N NaOH (final concen-
tration, 2%) and water. ALIE-124 stock solutions (1 mM) were pre-
pared in DMSO.

Cell culture. CHO cells expressing hNK-1 receptors were cul-
tured in Ham’s F-12 medium supplemented with 100 IU/ml penicil-
lin, 100 IU/ml streptomycin, and 10% fetal calf serum. Cultures were
kept at 37° in a humidified atmosphere of 5% CO,. Stable transfec-
tants were maintained by geneticin periodic selection. Deglycosy-
lated cells were obtained after treatment every 24 hr for 40 hr with
tunicamycin (5 ug/ml) as previously described (15). For experiments
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carried out with cholera toxin, the G, activator was added (1 pg/ml)
to the culture medium 20 hr before the experiments.

Membrane preparation from CHO cells. CHO cells were
grown to confluence in 100-mm culture dishes. Membranes were
then prepared as described with slight modifications (15). Briefly,
cells were first washed with 150 mM NaCl in 50 mM Tris-Cl buffer,
pH 7.4 (8 ml), and detached with the same buffer containing 2 mm
EDTA. Collected cells were centrifuged at 700 X g for 15 min. The
pellet was then resuspended in (0.5 ml/dish) 10 mM Tris-Cl buffer,
pH 7.4, 1 mm EDTA, 0.5 mm PMSF, 40 pg/ml bacitracin, 5 ug/ml
leupeptin, and 5 ug/ml soybean trypsin inhibitor and further left on
ice for 30-60 min. Cells were homogenized (10-15 times) and cen-
trifuged at 900 X g and then twice at 1000 X g to remove debris. The
resulting supernatant was centrifuged at 48,000 X g for 30 min at 4°.
The resulting membrane pellet was resuspended in 50 mMm Tris-Cl,
pH 7.4,1 mM EDTA, 1 mm MnCl,, 1 mm MgCl,, 1 mm PMSF, 5 ug/ml
leupeptin, and 5 pg/ml soybean trypsin inhibitor at a protein con-
centration of 0.3-0.5 ug/ul, as determined according to Bradford (16).

Membrane preparations from rat submandibular glands.
Male Sprague-Dawley rats (200-250 g; Charles River, Cléon, France)
were used. Rat submandibular glands were rapidly removed and
homogenized with a Kinematica apparatus for 15 sec in ice-cold
HEPES buffer (20 mMm, pH 7.4). After centrifugation at 30,000 X g for
30 min at 4°, the pellet was resuspended at 4° for 5 sec in the same
buffer containing 300 mM KCl1 and 10 mM EDTA. This suspension
was incubated for 30 min at 4° with intermittent mixing and then
centrifuged at 30,000 X g for 30 min at 4°. The final membrane pellet
was resuspended in Tris-Cl buffer (50 mM, pH 7.4) containing 3 mMm
MnCl,, 0.1% BSA, 200 ug/ml bacitracin, 4 ug/ml leupeptin, 2 ug/ml
chymostatin, 1 uM amastatin, 5 uM captopril, and 1 uM phosphor-
amidon. Protein concentrations were determined according to Brad-
ford (16).

Synthesis of tritiated ALIE-124. [Met(O,)'!]SP(7-11) (21 nmol)
in DMSO (8.3 ul) was reacted with N-succinimidyl-[2,3->H]propi-
onate (1 mCi, 95 Ci/mmol, 10.5 nmol) in 1.8 ul of DMSO in the
presence of 0.05 M borate buffer, pH 8.5 (2.2 ul), for 2 hr at room
temperature. After the addition of 50 ul of DMSO, the crude reaction
mixture was purified by high performance liquid chromatography
(Lichrospher RP8e, 4 X 250 mm, 10 um) using a gradient of CH;CN
in 0.1% (v) trifluoroacetic acid from 29% to 51% CH5CN in 30 min.
The radiolabeled peptide [*HJALIE-124, which eluted with a reten-
tion time identical to that of the nonlabeled peptide (15.5 min), was
collected. After the removal of CH;CN (at reduced pressure) and
lyophilization, [PHJALIE-124 was aliquoted in DMSO and stored in
liquid nitrogen (specific activity, 95 Ci/mmol; 1 Ci = 37 GBq). For
comparison, the retention time of [Met(O,)']SP(7-11) with this gra-
dient system was 7.3 min.

Binding assays on CHO cells. Binding assays were carried out
both on whole cells and membranes. For binding assays using whole
cells, different densities of cells were seeded onto 24-well plates 24 hr
before experiments (i.e., 5 X 10%/and 10° cells/well for [*H][Pro°]SP
and [*HJALIE-124 binding, respectively). With these conditions,
<10% of radioligand was bound. Krebs-phosphate buffer consisted of
120 mm NaCl, 4.8 mm KCl, 1.2 mm CaCl,, 1.2 mm MgSO,, and 15.6
mMm NaH,PO,, pH 7.2, containing 0.04% BSA (w/v), 0.03 mg/ml
bacitracin, and 0.6% glucose (w/v). Cells were first washed three
times with 0.5 ml of the buffer and then incubated in 200 ul of
Krebs-phosphate buffer at room temperature (22°) with [°H] [Pro°]SP
(0.83-0.7 nM, 65 Ci/mmol) for 100 min or with [PHJALIE-124 (2-5 nM,
95 Ci/mmol) for 70 min. These incubation times correspond to the
binding equilibrium as determined from kinetics experiments per-
formed under the same conditions. The incubation was stopped by
aspiration of the supernatant and washing the cells three times with
0.5 ml of cold (4°) buffer. Cells were then lysed with 0.1% Triton
X-100 (0.5 ml), and the radioactivity in the lysates was determined
after the addition of Aquasol-2.

Membranes were also used and prepared as described above. In
Eppendorf tubes, membrane suspension containing 5-10 ug of pro-

2102 ‘T Jaquiadag uo 1sanb Aq 6o sjeusnofiadse wieydjow wol) papeojumoq


http://molpharm.aspetjournals.org/

aspet"

122 Ssagan et al.

tein ([*H][Pro®]SP, 0.3—0.7 nM) or 50-60 ug of protein ([*H]ALIE-124,
2-5 nM) was incubated in 50 mMm Tris-Cl, pH 7.4, 1 mm EDTA, 1 mMm
MnCl,, 1 mm MgCl,, 0.04% BSA (w/v), 1 mM PMSF, 5 ug/ml leupep-
tin, and 5 pug/ml soybean trypsin inhibitor in a total volume of 200 wl.
Membranes were incubated at room temperature (22°) for 10 min
with [*H][Pro®]SP and for 70 min with [PH]ALIE-124 as determined
from kinetic studies. Incubation was stopped by centrifugation of the
samples for 2 min at 13,000 X g, washing the pellet with 1 ml of cold
(4°) buffer, and centrifugation again for 1 min at 13,000 X g. Radio-
activity in the pellets was counted after the addition of Aquasol-2.

All determinations were carried out at least three times in dupli-
cate. Nonspecific binding was estimated in the presence of 1 um
concentration of the corresponding unlabeled peptide.

Binding assays on membrane preparations from rat sub-
mandibular glands. Rat submandibular gland membranes (60 ul,
~150 ug of protein/assay) were incubated at 20° (final volume, 200
wl) for 15 or 90 min with [*H][Pro®]SP (65 Ci/mmol, 0.5-1 nM) and
[PHJALIE-124 (95 Ci/mmol, 1-2 nM), respectively. Incubations were
stopped by filtration with a J.S.I. Multividor apparatus through
Whatman GF/C filters pretreated at 4° for 3—4 hr with 0.1% poly-
ethyleneimine. Filters were then washed three times with 3 ml of
Tris-Cl buffer 50 mM, pH 7.4, containing 3 mM MnCl, and 0.1% BSA
at 4°. Radioactivity bound to membranes was counted after the
addition of Aquasol-2

Measurements of inositol phosphate and cAMP formations
in CHO cells. PI hydrolysis was determined as previously described
(12, 17). CHO cells were seeded onto 24-well plates (10° cells/well) 48
hr before the assay. [?HlInositol (0.5 uCi/well) was added to the
culture medium for 24 hr.

cAMP levels were estimated as previously reported (12, 18). CHO
cells were seeded onto 24-well plates (10° cells/well) 24 hr before the
assay. [*’H]Adenine (0.2 uCi/well) was added to the culture medium
for 2 hr.

Analysis of data. All binding studies (kinetics, saturation, com-
petition) were analyzed with the program LIGAND (19). The curves
presented have been fitted using SIGMA PLOT software (Jandel
Scientific, Erkrath, Germany).

Results

Design of a tritiated septide-like radioligand. As re-
cently reported, acetyl-Arg-septide (CH;CO-Arg-Phe-Phe-
Gly-Leu-Met-NH,), the water-soluble septide, was shown to
behave as an NK-1 agonist in CHO cells transfected with the
hNK-1 tachykinin receptor (12). In contrast to septide,
acetyl-Arg-septide presented an affinity in the nanomolar
range for the specific binding site labeled with [*H][Pro°]SP,
and acetyl-Arg-septide stimulated both PI and cAMP path-
ways; the production of cAMP is a specific signal for tachy-
kinin NK-1 agonists (12, 13). In the same study,
[pGlu®]SP(6-11) behaved as a septide-like peptide (i.e., with
an affinity for specific NK-1 binding sites in the micromolar
range), being active only on IP production. These observa-
tions led us to search for the shortest carboxyl-terminal an-
alogue of SP(6-11) that could be easily tritiated and still act
as a septide-like peptide: a peptide with a micromolar affinity
for specific tachykinin NK-1 receptor labeled with
[*H][Pro®]SP but highly potent on IP formation in CHO cells
transfected with the tachykinin hNK-1 receptor. Propionyl-
SP(7-11) became the lead compound.

Preliminary results with [2,3-*H]propionyl-SP(7-11)
showed a gradual decrease in specific binding, suggesting
that storage of this peptide in DMSO led to oxidation into the
sulfoxides. This hypothesis was confirmed by the pharmaco-
logical properties of the corresponding synthetic sulfoxides

and sulfone:propionyl-[Met(O)'']SP(7-11) and propionyl-
[Met(0,)']SP(7-11) (i.e., ALIE-124). Indeed, on CHO cells
transfected with the tachykinin hNK-1 receptor, the diaste-
reoisomeric sulfoxides weakly stimulated PI turnover (EC;,
= 650 nM), whereas the sulfone, ALIE-124, was as potent as
propionyl-SP(7-11) on IP formation (EC5, = 37 and 12.5 nwm,
respectively) (Table 1). Incidentally, similar unexplained
behaviors have also been obtained with SP and its corre-
sponding sulfoxides and sulfone (Table 1) (20). Therefore, the
tritiated sulfone analogue propionyl-[Met(O)'']SP(7-11),
[PH]ALIE-124, was prepared and used as the septide-like
radioligand.

Binding of [*'HJALIE-124 and [*H][Pro°]SP on CHO
cells transfected with hNK-1 receptors: Pharmacolog-
ical properties of tachykinin analogues. Association ki-
netics of [PHJALIE-124 (2 nM) indicated that this peptide
binds slowly to tachykinin NK-1 receptors. Equilibrium was
reached only after 60-min incubation with membranes and
intact CHO cells expressing tachykinin hNK-1 receptors,
with both curves being almost identical (Fig. 1A, binding
shown for membranes). Specific binding accounted for 70—
80% and >90% of the total binding in membranes and intact
CHO cells, respectively. From the association curve, k., =
0.0480 + 0.005 min~ ' and k2_, = 2.67 + 0.17 M/min were
determined. Dissociation curve of [PHJALIE-124 (obtained
after the addition of 1 um ALIE-124 at the plateau) on both
membranes and intact CHO cells was best fitted with a
biexponential decay model with 2_, = 0.35 = 0.09 min~*!
and k_,% = 0.0436 = 0.005 min~' (data shown for mem-
branes in Fig. 1A). From these data, two affinity states were
deduced: K;; = 1.6 = 0.2 nm (45% of the receptors) and K,
= 13 + 3 nM (55% of the receptors). No binding of [PHJALIE-
124 (2 nM) could be detected on nontransfected CHO cells.

In contrast to [PH]ALIE-124, the binding of [*H] [Pro®]SP to
membrane-bound NK-1 receptors was very fast, with a pla-
teau reached after 5 min (Fig. 1B). A very fast dissociation
rate was also observed from membrane-bound receptors, us-
ing [*H][Pro®]SP. After a 1-min incubation, 75% of the
[®H][Pro®]SP specific binding was already displaced by an
excess (1 uM) of [Pro®]SP, and after 6 min, 95% of the labeled
peptide was replaced (Fig. 1B). These association/dissocia-
tion rates to and from membranes were too fast to allow
accurate determination of the kinetic parameters. The situ-
ation was different in intact CHO cells because equilibrium
was achieved only after 90 min; dissociation kinetics of
[®H][Pro®]SP also were much slower (12). The specific bind-
ing of [*H][Pro®]SP accounted for >90% of the total binding
in both membrane preparations and intact CHO cells.

TABLE 1

Comparison of the potencies of ALIE-124, SP, and their oxidized
analogues

Comparison was made of the ability to compete with [°H][Pro®]SP and stimulate

both inositol phosphates and cAMP second messenger pathways in intact CHO
cells expressing human NK-1 receptors, as described in Materials and Methods.

. [H][Pro®]SP PLC CAMP

Peptide k) (ECso) (ECs0)

nv

Propionyl-SP(7-11) 2000 * 530 12.5=25 2600 * 560
Propionyl-[Met(O)']SP(7-11) >5000 650 =20  >5000
ALIE-124 4200 = 300 37 +4 >5000
SP 1.6 04 1.0 0.6 8*+2
[Met(0)'"]SP 40+10  35+05  >5000
[Met(0,)"]SP 075+035 1.0=02 14%2
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Fig. 1. Association (O and V) and dissociation (@ and ¥) binding kinetics of [PHJALIE-124 (2 nm, 95 Ci/mmol, O and @) (A) and [°H][Pro°]SP (0.5
nM, 65 Ci/mmol, V and V) (B) with membranes (50 and 5 ug of proteins, respectively) prepared from CHO cells expressing hNK-1 tachykinin
receptors. At the steady state for association kinetics, 1 um concentration of the corresponding unlabeled peptide was added to initiate
dissociation. Curve, mean = standard error of three independent experiments performed in triplicate. C, Saturation binding analysis of
[BH]ALIE-124 to intact CHO cells (50 ug of proteins, 10° cells) as described in Materials and Methods. O, Total binding; ®, nonspecific binding;
¥, specific binding. Inset, Scatchard analysis of these data performed with use of the program LIGAND (9).

Binding experiments for [PHJALIE-124 and [*H][Pro°]SP
were performed in side-by-side experiments with the same
membrane preparations; only difference was the amounts of
proteins and the concentrations of radioligands used in the
assays.

Saturation experiments performed with [*H][Pro®]SP and
[PHJALIE-124 indicated that both radioligands bound to a
single high affinity binding site in membrane preparation of
CHO cells expressing tachykinin hNK-1 receptor (Fig. 1C
and Table 2). For [*H][Pro®]SP, the K, value (0.35 nM) was
similar to that previously observed (12), whereas that of
[*HJALIE-124 was 6.0 nM. The major finding was that the
maximal binding capacities for [*H][Pro®]SP and [*HJALIE-
124 were very different (B,,,, = 2570 and 570 fmol/mg of
proteins, respectively). With a CHO clone expressing a lower
level of hNK-1 receptors, similar results were obtained for
intact CHO cells with [*H][Pro°]SP and [*HJALIE-124 (.e.,
K, =0.6 = 0.1 nm, B,,,, = 1000 = 240 fmol/mg of protein,
and K, = 22 = 5 nm, B, ., = 160 = 35 fmol/mg of protein,
respectively). The difference in K, values with [*'HJALIE-124
between the two clones is significant (p = 0.02) but could
result from the low amount of radioactivity bound to the cells,
with the clone expressing lower level of receptors and the
subsequent calculations of K; and B,,,, values with the pro-
gram LIGAND.

These K, and B, values were unaltered by pretreatment

max

TABLE 2

of the transfected CHO cells with either tunicamycin, which
was shown to inhibit N-glycosylation (15), or cholera toxin
(Table 2). After incubation with cholera toxin, the tachykinin
hNK-1 receptor was uncoupled to G,, as demonstrated by
subsequent experiments on cAMP production performed with
[Pro®]SP and ALIE-124 on these pretreated cells (data not
shown).

Competition studies were performed with [PHJALIE-124
(2—5 nm) and different molecules on intact CHO cells express-
ing tachykinin hNK-1 receptors (Table 3). For comparison,
binding potencies previously obtained with [*H][Pro°]SP are
also shown in Table 3. The potency of ALIE-124 to displace
[PHJALIE-124 was similar to that found in saturation exper-
iments. Tachykinin NK-1 ligands such as SP and [Pro®]SP
were 10-fold more potent competitors for the site labeled with
[PHJALIE-124. Septide and NKA also inhibited [*HJALIE-
124 binding at nanomolar concentration, whereas higher con-
centrations were needed to inhibit [*H][Pro®]SP specific bind-
ing (Table 3). The selective tachykinin NK-2 agonist
[Lys®,methyl-Leu®,Nle'’]NKA(4-10) and the endogenous
NK-3 ligand NKB were weak competitors of [PHJALIE-124
specific binding. All these competitors inhibited [*HJALIE-
124 specific binding to the same maximal extent, except the
selective tachykinin NK-3 agonist senktide, which inhibited
only marginally [PH]ALIE-124 specific binding (40% inhibi-
tion at 10~° m). Finally, the selective nonpeptidic tachykinin

Scatchard analysis of [PHJALIE-124 and [*H][Pro®]SP saturation binding experiments

Analyses were performed in untreated or tunicamycin- or cholera toxin-pretreated CHO cells transfected with the human NK-1 receptors, membranes prepared from
CHO cells expressing human NK-1 receptors, and membranes prepared from rat submandibular glands, as described in Materials and Methods. Data were analyzed
with the programm LIGAND and are the mean =+ standard error of at least three independent experiments performed in triplicate.

CHO cells
CHO cell Rat submandibular gland
— Tunicamycin + Tunicamycin + ((31htizr/amt|())xm membranes membranes
[BHIALIE-1242 K, (nm) 6.6 1.0 7715 10+ 2 6.0x1.2 11.4+04
B, ax(fmol/mg of protein) 750 = 130 800 + 170 800 * 150 570 =70 160 = 15
[BH][Pro®|SP? Ky (nM) 0.3 = 0.1 0.35 = 0.02 0.5+ 0.15 0.35 £ 0.15 0.7 = 0.1
B, ax(fmol/mg of protein) 6500 + 550 6000 *= 350 6400 + 800 2570 = 540 370 = 80

2 Incubations performed at 22° for 70 min on whole cells and membrane-bound preparations and at 20° for 90 min in membranes from rat submandibular glands.
b |Incubations performed at 22° for 100 min on whole cells and 10 min for CHO membranes and rat submandibular gland preparations.
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TABLE 3
Comparison of the potencies of different tachykinins

Comparison was made of the ability to compete with [°PH]JALIE-124 or [*H][Pro®]SP and to stimulate both inositol phosphates and cAMP second messenger pathways

in intact CHO cells expressing human NK-1 receptors, as described in the text.

K; Ratio of ECso
Peptide [BH][Pro®]SP to
[3H][Pro®]SP [H]ALIE-124 [PH]ALIE-124 Inositol phosphates CAMP
v m
SP 1.6 = 0.42 0.22 = 0.02 7 1.0 = 0.6 8 + 22
NK-A 4700 = 2002 49 +11 960 6+2 1240 = 602
NK-B >5000% 27 =5 300 = 50 >50007
[Pro®ISP 1.1 = 0.12 0.15 = 0.04 7 0.8*+0.2 102
1.20 + 0.04° 0.56 = 0.07° 2
Septide 490 + 107 24 +0.5 204 2.7 = 0.52 5200 = 2007
ALIE-124 4200 = 300 8.0 = 0.7 525 37+ 4 >5000
250 * 50° 17 £ 4° 15
[Lys®,methyl-Leu® Nle1’JNKA(4—10) 5000 + 10007 68 + 10 73 170 + 30 >50007
Senktide >50007 >5000 >50007 >50007
RP 67580 92 + 112 15 £1 6

2 Data from Ref. 12.

b Affinity (K) measured in membrane preparations from rat submandibular glands.

NK-1 antagonist RP 67580 was a better competitor of
[*H]ALIE-124 than of [*H][Pro®]SP specific binding (Table 3).

As previously found with septide (12), kinetic studies of
PLC activation indicated that ALIE-124 (1 um) and [Pro®]SP
(1 uM) stimulate the hydrolysis of PI with the same rate and
that both peptides elicit the same maximal response after a
30-min stimulation. When ALIE-124 and [Pro®]SP were si-
multaneously added (each at 1 um), no additivity was ob-
served between both responses (data not shown). Concentra-
tion-response curves of IP formation determined by
incubation of the peptides with transfected CHO cells for 8
min showed that ALIE-124 is a weaker agonist (EC5, = 37
nM) compared with septide (2.4 nM) and [Pro®]SP (0.8 nm)
(Table 3 and Fig. 2A). However, [Pro°]SP and ALIE-124
showed different rates and different maximal responses in
studies on cAMP accumulation (Fig. 2, B and C). Kinetic
analysis of cAMP formation indicated that ALIE-124 re-
sponses (10 uM) and [Pro®]SP responses (1 uM) were partially
additive (Fig. 2B). Dose-response studies after 8 min of stim-
ulation with both peptides showed that [Pro®]SP was highly
potent to evoke the formation of cAMP (EC;, = 10 nMm),
whereas ALIE-124, as septide (12), was only a weak stimu-

lator of the cAMP pathway (EC;, > 5000 nm) (Fig. 2C and
Table 3). Nevertheless, ALIE-124 was not a partial agonist,
as demonstrated by additivity experiments, because ALIE-
124 (=100 uMm) was unable to antagonize responses to
[Pro°]SP.

In the clone expressing lower amounts of receptor,
[Pro®]SP, septide, and ALIE-124 were unable to stimulate
cAMP accumulation, both at concentrations ranging from 1
nM to 1 uM for 10 min and at 10 uM for 1 hr. Nevertheless, in
this clone, these three agonists activated IP formation to the
same extent. At maximal concentrations (1 um for [Pro°]SP
and septide and 10 uM for ALIE-124), [Pro®]SP, septide, and
ALIE-124 elicit at the same rate the same maximal response
after a 40-min stimulation. The relative potency of these
peptides to stimulate IP formation were similar with both
clones after 10 min of stimulation. All peptides were slightly
less potent (ratio, 2—4), with the clone expressing a lower
amount of tachykinin hNK-1 receptor (EC5, = 1.55 * 0.05,
10 = 3, and 90 *+ 10 nu™ for [Pro®]SP, septide, and ALIE-124,
respectively). With this clone, the responses elicited by sep-
tide and ALIE-124 seemed to be biphasic, with flat concen-
tration-response curves (slope values = 0.64 *= 0.04 and

IP formation cyclic AMP formation cyclic AMP formation
L T s

Y 8 pg |
2 A - c
2 100 |- 5 *—e 60
£ ey d I g
= §/
€ 60 |
% /
£

rrys
2 §—8——0—8—o0
mo
[ 20}
<

1 1 o C d ad N
4 40 50 41 10 9 B 7 -6 -5 -4

log [agonist] (M)

Time (min)

log [agonist] (M)

Fig. 2. A, Concentration-response curves of inositol phosphate formation carried out with ALIE-124 (O) or [Pro°]SP (@) on intact CHO cells
(10%/well), as described in the text. Curves, best fit to the mean + standard error of five different experiments performed in triplicate. B, Time course
of cAMP accumulation stimulated by 10 um ALIE-124 (O) or 1 um [Pro°]SP (@) and by 10 um ALIE-124 and 1 um [Pro®]SP added simultaneously
(V). Intact CHO cells (10%/well) were incubated at 37° for the indicated times. CAMP accumulation was evaluated as mentioned in the text. Curves,
mean = standard error of four independent experiments performed in triplicate. C, Concentration-response curves of cAMP formation were carried
out on intact CHO cells at 37° for 8 min with either ALIE-124 (O) or [Pro°]SP (®). Curves, best fit to the mean * standard error of five different

experiments performed in triplicate.
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0.63 = 0.05 for septide and ALIE-124, respectively) in con-
trast to that obtained with [Pro®]SP (slope = 1.30 = 0.01).

Binding experiments of [*HJALIE-124 and [*H][Pro’ISP
on membrane preparation of submandibular glands. Kage
et al. (21) have shown by photolabeling that two forms of tachy-
kinin NK-1 receptors were present in membranes from sub-
mandibular glands. Therefore, binding experiments were car-
ried out with [PHJALIE-124 and [*H][Pro®]SP in this tissue. In
rat submandibular gland, specific binding accounted for 68% of
total binding. Kinetic parameters of [PHJALIE-124 specific
binding in membranes from submandibular glands were also
similar to those obtained with membrane preparation of CHO
cells transfected with tachykinin hNK-1 receptor. With mem-
branes from rat submandibular glands, high concentrations of
peptide inhibitors were used to prevent enzymatic degradation
of [PHJALIE-124. With these conditions, degradation of the ra-
dioligand was limited to 15% during the 90-min incubation. The
binding of [*H][Pro®]SP was faster than that of [FH]ALIE-124 to
membranes of submandibular glands, as for membranes from
CHO cells transfected with the tachykinin hNK-1 receptor.
Saturation experiments with [*H][Pro°]SP and [*H]JALIE-124
showed that both radioligands bound to a single high affinity
binding site (Table 2). K, values for both [*H][Pro’]SP and
[PHIALIE-124 were similar to those obtained with membranes
of transfected CHO cells (K; = 0.7 and 11 nwm, respectively).

Competition studies showed that the potency of ALIE-124
for [PH]ALIE-124 specific binding sites (K, = 17 nM) was
similar to that observed on CHO cells transfected with tachy-
kinin hNK-1 receptor. When [*H][Pro°]|SP was the radioli-
gand, the potency of ALIE-124 was higher than that seen in
CHO cells (K, = 250 and 4200 nM, respectively) (Table 3). In
this tissue, the maximal binding capacities for both radioli-
gands were also different (B,,,. = 370 and 160 fmol/mg of
proteins, for [*H][Pro®]SP and [*H]ALIE-124 specific binding
sites, respectively) (Table 2). In membranes from subman-
dibular glands, the proportion of [PHJALIE-124 specific bind-
ing sites was higher compared with that found in membranes
from CHO cells transfected with the tachykinin hNK-1 re-
ceptor (Table 2).

Discussion

We developed a new radioligand, [*H]ALIE-124, which al-
lowed the demonstration, for the first time, of the presence of
a specific binding site for septide-like peptides. This site was
found in membranes prepared from both CHO cells trans-
fected with the tachykinin hNK-1 receptor and rat subman-
dibular glands. This specific binding site for [*’HJALIE-124
was also detected on intact CHO cells transfected with the
tachykinin hNK-1 receptor, proving that it was not an arte-
fact originating from membrane preparation. In membrane
preparations from both tissues, kinetics of association/disso-
ciation were very fast for [*H][Pro®]SP and rather slow for
[PH]ALIE-124. This difference in behavior was not observed
with intact CHO cells because both ligands reached their
respective plateaus with similar slow kinetics regardless of
whether the cells were untreated or treated with tunicamy-
cin to prevent glycosylation (15).

Although the pharmacological analysis remains prelimi-
nary, septide-like molecules showed high affinity for the spe-
cific binding site labeled with [PHJALIE-124 (i.e., septide,
ALIE-124, and NKA). This result raises the question as to

Specific Binding Site for Septide-Like Peptides 125

whether, under physiological conditions, NKA can interact
on NK-1 receptors, because NKA is coreleased with SP. The
potency of the nonpeptide antagonist RP 67580 was 6-fold
higher for [PHJALIE-124 than for [*H][Pro®]SP specific bind-
ing site. Previously, RP 67580 was shown to be 6-fold more
potent in inhibiting septide than [Pro®]SP stimulation of the
PLC pathway (12). However, the higher potency of [Pro®]SP
and SP for [PH]ALIE-124 specific binding site compared with
that labeled with [*H][Pro®]SP was unexpected. This finding
may, however, explain some of fluctuations in ICy, values
obtained, in various tissues, with tachykinins and carboxyl-
terminal fragments of SP (22, 23). Indeed, the high affinity
binding site for SP (i.e., [FHJALIE-124 site) might be prefer-
entially labeled with the lowest concentrations of '?*I-labeled
SP that could be used. In contrast, affinities obtained with
tritiated SP analogues might correspond to the labeling of
both specific binding sites, and differences in affinities
should be expected, depending on the ratio of these sites. For
instance, in competition experiments with [*H][Pro°]SP,
ALIE-124 had a higher potency in membrane preparations
from rat submandibular glands (B,,,, ratio between
[*H]ALIE-124 and [®*H][Pro°]SP = close to 1:2) than in CHO
cells (ratio between both sites = 1:7).

Noteworthy, with the seven active agonists used with CHO
cells transfected with the tachykinin hNK-1 receptor, an
excellent correlation was found between K, values for the
[PHJALIE-124 specific binding site and EC4, values on IPs
production (» = 0.97) (Fig. 3). In contrast, as previously
established, the K, values of these analogues for the
[®H][Pro®]SP specific binding sites in these CHO cells corre-
late with their EC;, values for cAMP formation (13).

Saturation studies showed different binding capacities for
both radioligands. The undecapeptide [*H][Pro°]SP always
has higher binding capacity compared with [*HJALIE-124.
According to respective B,,,, values, specific sites labeled by
[*HJALIE-124 in comparison with [?H][Pro°]SP varied from
11% (intact transfected CHO cells) to 22% (CHO membranes)
to 43% (membranes from rat submandibular glands). In in-
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Fig. 3. Correlation between the binding affinities for [°H]JALIE-124 spe-
cific binding site (log K) on intact CHO cells transfected with hNK-1

receptors and log (EC, values) for Pl hydrolysis of SP, [Pro®]SP, NKA,
NKB, septide, ALIE-124, and [Lys®,methyl-Leu®,Nle'’]NKA(4-10).
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tact CHO cells transfected with the tachykinin NK-1 recep-
tor, the percentage of [PHJALIE-124 specific binding sites
was not altered by the extent of glycosylation. Because
[Pro®]SP is ~10-fold more potent on [*HJALIE-124- than on
[®H][Pro®]SP- specific binding, [*H][Pro°]SP must also label
[PH]JALIE-124 specific binding sites. Thus, the relative pro-
portion of [PH][ALIE-124 specific binding sites versus those
labeled with [*H][Pro®]SP should be slightly higher in all
tissues.

If different binding sites for tachykinin NK-1 agonists and
septide-like molecules were located on the same NK-1 recep-
tor protein, the maximal binding capacities for both radioli-
gands should have been the same (24). At least two hypoth-
eses can be proposed to explain these differences in B, ,,
values: the presence of two pools or the presence of two forms
of NK-1 receptor proteins.

One explanation for the different binding capacities for
both radioligands could be the presence of two pools of NK-1
receptor protein that do not exchange; if they do, the equilib-
rium would be far beyond the 2-hr incubation time. Because,
in CHO cells, tachykinin NK-1 agonists such as SP and
[Pro®]SP stimulate the cAMP pathway but septide-like mol-
ecules do not activate G, (12), we speculated that high levels
of G, proteins tightly precoupled to tachykinin NK-1 recep-
tors might have hampered this equilibrium. According to this
hypothesis, part of the [*H][Pro®]SP specific binding sites
would be “quenched” as a complex either by high concentra-
tions of G, and/or because of an unusual high affinity for G..
[*H]ALIE-124 specific binding sites would correspond to high
affinity/low capacity NK-1 receptor precoupled to G/, pro-
teins. Conversely, [*H][Pro®]SP specific binding would repre-
sent a lower affinity/higher capacity NK-1 receptor pre-
coupled to G, proteins. This hypothesis may be ruled out for
two reasons. First, B, ., values for both [*H][Pro®]SP and
[PH]ALIE-124 remained unchanged after preincubation of
CHO cells with cholera toxin (25), a treatment that uncou-
pled receptor and G, proteins. Second, similar discrepancies
in the B, .. values were obtained with the clone expressing
lower level of receptors, although the tachykinin hNK-1 re-
ceptor is no longer coupled to G,, both [Pro®]SP and septide
being unable to stimulate cAMP accumulation.

A second explanation, which is in agreement with reports
in the literature, could be the existence of two forms of NK-1
receptor protein. These forms may arise from either a defec-
tive palmitoylation or a carboxyl-terminal truncation of the
NK-1 receptor protein. In CHO cells, palmitoylation of the
transfected tachykinin NK-1 receptor could be incomplete,
yielding two forms of NK-1 receptors that might preferen-
tially activate different intracellular pathways. This selectiv-
ity has already been shown with mutated endothelin receptor
A (26). The nonpalmitoylated receptor still activates cAMP
turnover but is unable to stimulate PLC activation, unlike
the wild-type endothelin receptor A, which activates both
pathways (26). This hypothesis cannot be rejected. However,
B, values are also different for both radioligands in mem-
brane from rat submandibular glands, and to our knowledge,
defective palmitoylation has yet not been reported in mam-
malian tissues.

Kage et al. (21) previously demonstrated the existence of a
long and a carboxyl-terminal truncated form of NK-1 recep-
tor by photolabeling experiments in rat submandibular
glands. In rat submandibular glands, Mantyh et al. (27)

found only low levels of NK-1 receptor immunoreactivity in
contrast to high levels of '2°I-SP specific binding sites. Ac-
cording to the specificity of the antibodies, this may indicate
that the expression of a carboxyl-terminal truncated form of
NK-1 receptor predominates in this tissue, corroborating the
photolabeling experiment (21). Interestingly, we found high
concentrations of [PHJALIE-124 labeling in rat submandibu-
lar glands, the ratio of [PHJALIE-124 versus [*H][Pro°]SP
specific binding sites being close to 1:2. In CHO cells trans-
fected with ¢cDNA of tachykinin hNK-1 receptor, this ratio
was much lower (1:9). Even with high levels of transfection,
the B, value of [PHJALIE-124 specific binding site was
probably still too low to be detected by photolabeling with a
tritiated photoreactive analogue of [Pro®]SP, accounting for
the results of our previous study (15).

However, the key point is that this new specific binding
site for tachykinins is present in both mammalian tissue and
intact cells transfected with the cDNA of tachykinin NK-1
receptors.

While this article was being reviewed for publication, Has-
trup and Schwartz (28) reported binding data obtained with
125]_NKA and [*H]septide. They found that both radioligands
bound to the tachykinin hNK-1 receptor expressed in COS-7
cells, also yielding B, .. values different from those obtained
with 125I-Bolton Hunter SP. Binding data from homologous
and heterologous competition studies with SP, NKA, and
septide are provided. The authors concluded with the neces-
sity to perform homologous binding assays to determine the
“actual binding affinity” of a ligand for a receptor. However,
no interpretation was given for the large discrepancies in
B values.

max

Acknowledgments

We wish to thank Dr. T. Werge for the generous gift of the CHO
clones and Dr. E. Burcher for fruitful discussions. We dedicate this
article to our late colleague Alié Brunissen, who performed the first
synthesis of the leader peptide.

References

1. Lavielle, S., G. Chassaing, S. Julien, A. Marquet, L. Bergstrom, J.-C.
Beaujouan, Y. Torrens, and J. Glowinski. Specific recognition of SP or
NKB receptors by analogues of SP substituted at positions 8 and 9. Eur.
J. Pharmacol. 125:461-462 (1986).

2. Laufer, R., C. Gilon, M. Chorev, and Z. Selinger. [pGlu®,Pro°|SP(6-11), a
selective agonist for the substance P receptor subtype. J. Med. Chem.
29:1284-1288 (1986).

3. Petitet, F., M. Saffroy, Y. Torrens, S. Lavielle, G. Chassaing, D. Loeuillet,
J. Glowinski, and J.-C. Beaujouan. Possible existence of a new tachykinin
receptor subtype in the guinea-pig ileum. Peptides 13:383-388 (1992).

4. Glowinski, J. The ‘septide-sensitive’ tachykinin receptor: still an enigma.
Trends Pharmacol. Sci. 16:365—-367 (1996).

5. Lee, C. M., N. J. Campbell, B. J. Williams, and L. L. Iversen. Multiple
tachykinin binding sites in peripheral tissues and in brain. Eur. J. Phar-
macol. 130:209-217 (1986).

6. Maggi, C. A. The mammalian tachykinin receptors. Gen. Pharmacol. 26:
911-944 (1995).

7. Chassaing, G., S. Lavielle, A. Brunissen, A. Carruette, C. Garret, F.
Petitet, M. Saffroy, J.-C. Beaujouan, Y. Torrens, and J. Glowinski.
[Pro°]SP and [pGlu®,Pro®]SP(6-11) interact with two different receptors in
the guinea-pig ileum as demonstrated with new SP antagonists. Neuropep-
tides 28:73-79 (1992).

8. Maggi, C. A., R. Patacchini, S. Meini, and S. Guiliani. Evidence for the
presence of a septide-sensitive tachykinin receptor in the circular muscle
of the guinea-pig ileum. Eur. J. Pharmacol. 235:309—-311 (1993).

9. Burcher, E., and C. Stamatakos. Septide but not substance P stimulates
inhibitory neurons in guinea-pig ileum. Eur. J. Pharmacol. 258:R9-R10
(1994).

10. Pradier, L., J. Ménager, J. Le Guern, M. D. Bock, E. Heuillet, V. Fardin, C.
Garret, A. Doble, and J.-F. Mayaux. Septide: an agonist for the NK-1
receptor acting at a site distinct from substance P. Mol. Pharmacol. 45:
287-293 (1994).

2102 ‘T Jaquiadag uo 1sanb Aq 6o sjeusnofiadse wieydjow wol) papeojumoq


http://molpharm.aspetjournals.org/

aspet

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Huang, R. C.,, H. Yu, C. D. Strader, and T. M. Fong. Interaction of
substance P with the second and seventh transmembrane domains of the
neurokinin-1 receptor. Biochemistry 33:3007-3013 (1994).

Sagan, S., G. Chassaing, L. Pradier, and S. Lavielle. Tachykinin peptides
affect differently the second messenger pathways after binding to CHO-
expressed human NK-1 receptors. J. Pharmacol. Exp. Ther. 276:1039—
1048 (1996).

Sagan, S., H. Josien, P. Karoyan, A. Brunissen, G. Chassaing, and S.
Lavielle. Tachykinin NK-1 receptor probed with constrained analogues of
substance P. Bioorg. Med. Chem. 4:2167-2178 (1996).

Chassaing, G., S. Lavielle, S. Julien, and A. Marquet. Homocystein thio-
lactone as precursor of methionine amide: application to the modification
of peptides of the tachykinin family. Tetrahedron. Lett. 26:623—626 (1985).
Girault, S., S. Sagan, G. Bolbach, S. Lavielle, and G. Chassaing. The use
of photolabelled peptides to localize the substance P binding site in the
human neurokinin-1 receptor. Eur. J. Biochem. 240:215-222 (1996).
Bradford, M. . A rapid and sensitive method for the quantitation of micro-
gram quantities of protein utilizing the principle of protein-dye binding.
Anal. Biochem. 72:248-254 (1976).

Torrens, Y., M.-C. Daguet de Montety, M. El Etr, J.-C. Beaujouan, and J.
Glowinski. Tachykinin receptors of the NK-1 type (substance P) coupled
positively to phospholipase C on cortical astrocytes from the newborn
mouse in primary culture. J. Neurochem. 52:1913-1918 (1989).
Nakajima, Y., K. Tsuchida, M. Negishi, S. Ito, and S. Nakanishi. Direct
linkage of three tachykinin receptors to stimulation of both phosphatidyl-
inositol hydrolysis and cyclic AMP cascades in transfected Chinese ham-
ster ovary cells. J. Biol. Chem. 267:2437-2442 (1992).

Munson, P. J., and D. Rodbar. LIGAND: a versatile computerized ap-
proach for the characterization of ligand binding systems. Anal. Biochem.
107:220-229 (1980).

Lavielle, S., G. Chassaing, S. Julien, J. Besseyre, and A. Marquet. Influ-
ence of the amino acids of substance P in the recognition of its receptor:

21.

22.

23.

24.

25.

26.

27.

28.

Specific Binding Site for Septide-Like Peptides 127

affinities of synthesized SP analogues for the specific 2°I-BHSP binding
site on rat brain synaptosomes. Neuropeptides 7:191-200 (1986).

Kage, R., S. E. Leeman, and N. D. Boyd. Biochemical characterization of
two different forms of the substance P receptor in rat submaxillary gland.
oJ. Neurochem. 60:347-351 (1993).

Cascieri, M. A, R.-R. C. Huang, T. M. Fong, A. H. Cheung, S. Sadowski, E.
Ber, and C. D. Strader. Determination of the amino acid residues in
substance P conferring selectivity and specificity for the rat neurokinin
receptors. Mol. Pharmacol. 41:1096-1099 (1992).

Riitano, D., T. M. Werge, and T. Costa. A mutation changes ligand selec-
tivity and transmembrane signaling preference of the neurokinin-1 recep-
tor. J. Biol. Chem. 272:7646-7655 (1997).

Kenakin T. Agonist-receptor efficacy. II: Agonist trafficking of receptor
signals. Trends Pharmacol. Sci. 16:232—238 (1995).

Cassel, D., and Z. Selinger. Mechanism of adenylate cyclase activation by
cholera toxin: inhibition of GTP hydrolysis at the regulatory site. Proc.
Natl. Acad. Sci. USA 74: 3307-3311 (1977).

Horstmeyer, A., H. Cramer, T. Sauer, W. Muller-Esterl, and C. Schroeder.
Palmitoylation of endothelin receptor A. Differential modulation of signal
transduction activity by post-translational modification. JJ. Biol. Chem.
271:20811-20819 (1996).

Mantyh, P. W., S. D. Rogers, J. R. Ghilardi, J. E. Maggio, C. Mantyh, and
S. R. Vigna. Differential expression of two forms of the neurokinin-1
(substance P) receptor in vivo. Brain Res. 719:8-13 (1996).

Hastrup, H., and T. W. Schwartz. Septide and neurokinin A are high-
affinity ligands on the NK-1 receptor: evidence from homologous versus
heterologous binding analysis. FEBS Lett. 399:264—-266 (1996).

Send reprint requests to: Dr. Solange Lavielle, Laboratoire de Chimie
Organique Biologique, URA CNRS 493, Université Paris 6, 4, place Jussieu,
75252 Paris Cedex 05, France. E-mail: lavielle@ccr jussieu.fr

2102 ‘T Jaquiadag uo 1sanb Aq 6o sjeusnofiadse wieydjow wol) papeojumoq


http://molpharm.aspetjournals.org/

