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ABSTRACT. A point mutation was made at position 289 in the transmembrane segment 7 of the human
tachykinin NK2 receptor to yield a tyrosine/phenylalanine (Tyr/Phe) substitution. Chinese hamster ovary cells
stably transfected with the wild-type or Tyr289Phe mutant NK2 receptor both bound neurokinin A (NKA) and
the synthetic NK2 receptor-selective agonists, GR 64349 and [bAla8]NKA(4–10), with high and even affinities.
Neurokinin B (NKB) and substance P (SP) also displayed sizeable binding affinities, albeit with lower affinity
as compared to NKA. In a functional assay (production of inositol-1,4,5-trisphosphate, IP3), NKA, GR 64349,
and [bAla8]NKA(4–10) stimulated IP3 accumulation via the wild-type and mutant receptors with similar
potencies. On the other hand, NKB and SP exhibited a dramatic reduction in their agonist efficacies at the
mutant receptor, NKB acting as a partial agonist (maximum effect 5 50% of the response to NKA) and SP being
totally inactive. The results obtained with phenoxybenzamine inactivation experiments indicated that a large
and similar receptor reserve existed for both the wild-type and the mutant receptor. SP, which displayed sizeable
binding affinity for the mutant receptor but did not stimulate IP3 accumulation, antagonized the agonist effect
of NKA. The antagonist action of SP at the mutant NK2 receptor cannot be ascribed to receptor internalization.
The Tyr/Phe replacement at position 289 markedly reduced the binding affinity and antagonist potency of the
non-peptide ligand, SR 48968, without affecting the binding affinity and antagonist potency of the bicyclic
peptide antagonist MEN 11420. The results indicate that the hydroxyl radical function of Tyr289 in
transmembrane segment 7 of the human NK2 receptor is, directly or indirectly, involved in stimulus transduction
when the NK2 receptor is occupied by NKB or SP, but not when using NKA or NK2 receptor-selective agonists.
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The tachykinin NK2 receptor recognizes NKA‡ (with high
affinity) and NKB and SP (with lower affinity), the natural
tachykinins that have an established status of neurotrans-
mitters in mammals [see 1, 2 for reviews]. The human
tachykinin NK2 receptor has been cloned and shown to be
a seven transmembrane domain G-protein-coupled recep-
tor. When expressed in CHO cells, the tachykinin NK2

receptor is able to activate several transduction pathways,

including the stimulation of phosphatidylinositol break-
down [3, 4]. There is relatively little information available
on the structural motifs that determine the binding affini-
ties of natural tachykinins or antagonists for the tachykinin
NK2 receptor and the molecular determinants of tachyki-
nin NK2 receptor coupling to G-proteins [5–8]. It has been
reported [8] that the Tyr/Phe replacement at position 289
of the human NK2 receptor induced a considerable reduc-
tion in the binding affinity of the non-peptide NK2 recep-
tor antagonist SR 48968 ((S)-N -methyl-N [4-(4-
acetylamino-4-phenylpiperidino)-2-(3,4-dichlorophenyl)
butyl]benzamide) [9] without affecting the binding affinity
of NKA. In the course of an extensive mutational analysis
of the pharmacology of the human NK2 receptor stably
expressed in CHO cells, we observed that the agonist
efficacies of NKB and SP, as measured by their ability to
induce IP3 accumulation, are dramatically impaired by the
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Tyr289Phe mutation. The reduced efficacies of these nat-
ural tachykinins were detected despite an unimpaired
binding affinity, indicating that the 2OH function of
Tyr289 is important for transduction of the signal initiated
by these two tachykinins.

MATERIALS AND METHODS
Materials

Penicillin, streptomycin, and trypsin were purchased from
GIBCO. Dialyzed FBS was from Bio-Biowhittaker. a-MEM
and GTP were from Sigma Chemical Co. Flasks and Petri
dishes were from Falcon (Becton Dickinson). Minisorb
tubes for radioimmunoassay were obtained from Nunc.
Protein binding dye was from Bio-Rad. PBZ was from ICN
Biomedicals. NKA, NKB, GR 64349 [Lys3, Gly8-R-lactam-
Leu9]NKA(3–10), [bAla8]-NKA(4–10) and SP were from
Neosystem Laboratoire. SR 48968 was kindly provided by
Drs. X. Emonds-Alt and G. Le Fur (Sanofi Recherche,
Montpellier, France). The bicyclic peptide antagonist MEN
11420 (c{[(b-D-GlcNAc)Asn-Asp-Trp-Phe-Dpr-Leu]c(2b-
5b)}) [10] was synthesized at the Department of Chemistry
of Menarini Ricerche, Florence. [125I]NKA (specific activ-
ity, 2000 Ci mmol21) and the IP3 assay system kit were
purchased from Amersham. Other reagents were of the
highest purity available from commercial sources.

Site-directed Mutagenesis of Human NK2
Receptor cDNA

Plasmid pBS/hNK2R (kindly provided by Dr. J. E. Krause,
Washington University, St. Louis, MO) contains a 1.2-kb
cDNA for the human NK2 receptor cloned in the SmaI site
of the pBlueScript II SK(2) phagemid. Site-directed mu-
tagenesis of the NK2 receptor cDNA was performed by the
phosphorothioate technique of Eckstein [11, 12], using an
in vitro mutagenesis kit (SculptorTM, Amersham) according
to the manufacturer’s instructions. Wild-type and
Tyr289Phe-mutated cDNAs were isolated from
HindIII1XbaI-digested pBS/hNK2R and cloned into the
polylinker region of a similarly digested pmCMVbSV1dhfr
vector. pmCMVbSV1dhfr was constructed by removing
granulocyte colony-stimulating factor cDNA sequences
from XbaI-digested pmCMVbG-CSFSV1dhfr (plasmid mu-
rine cytomegalovirus beta granulocyte colony-stimulating
factor SV1dhfr) [13]. The complete coding sequence of
cDNAs for wild-type and mutated NK2 receptors was
confirmed by DNA sequencing.

Receptor Expression in CHO Cells

Large-scale preparation of vector DNA for transfection
experiments was carried out using a Qiagen maxi-prepara-
tion column (Qiagen). Wild-type and (Tyr289Phe-) mu-
tated NK2 receptor cDNAs in pmCMVbSV1dhfr were
introduced by lipofection as described [13] into DHFR-
deficient CHO DUKX-B11 cells [14] (referred to as

CHOdhfr2). Stable DHFR1 transformants were selected in
nucleoside-free a-MEM containing 5% dialyzed FBS;
12–14 days after transfection, more than 100 individual
DHFR1 clones were pooled, grown to mass culture, and
used for ligand binding and receptor activation studies.
Cells stably expressing the human NK2 receptor (CHO-
hNK2R cells) were cultured in a-MEM, supplemented with
10% dialyzed FBS, in a humidified atmosphere of 5%
CO2–95% air at 37° until slightly confluent. For subcul-
tures, cells were dissociated with 0.25% trypsin/0.5 mM
EDTA in saline and transferred at a 1:10 splitting ratio.

Ligand Binding Assay

Confluent cells from four 100-mm Petri dishes were har-
vested in PBS, pelleted by centrifugation at 200 g (4°), and
homogenized using a Polytron PT3000 (Kinematica) at
13,000 rpm for 15 sec, in 20 mL of 50 mM Tris–HCl, pH
7.4, containing bacitracin (0.1 mg/mL), chymostatin (0.01
mg/mL), leupeptin (5 mg/mL), and 10 mM thiorphan
(buffer A). The homogenate was centrifuged for 1 hr at
25,000 g (4°) and the pellet resuspended in the binding
buffer, composed by buffer A supplemented with 150 mM
NaCl, 5 mM MnCl2, and 0.1% BSA (buffer B, pH 7.4), at
a protein concentration of about 0.35 mg/mL. The mem-
branes (50 mg protein/assay) were incubated for 30 min at
20° with [125I]NKA (120–140 pM) and various concentra-
tions (0.01 nM–1 mM) of cold NKA (saturation experi-
ments) or 10 different concentrations (0.01 nM–10 mM) of
the competing compounds (competition experiments), in a
final volume of 0.5 mL. Unlabeled NKA (1 mM) was used
to define non-specific binding. In the experiments with
GTP, the membranes were preincubated for 15 min at 20°
with 1 or 10 mM GTP before the addition of the radioli-
gand and of the various concentrations of cold NKA. The
reaction was terminated by addition of 4 mL of ice-cold
Tris–HCl (50 mM, pH 7.4) followed by rapid filtration
through Whatman GF/B filter sheets (presoaked in 0.5%
BSA for at least 3 hr) using a Brandel cell harvester. The
filters were washed three times with 4 mL of ice-cold buffer.
The trapped radioactivity was determined using a g counter
(Cobra, Packard Instruments Co.).

Measurement of Intracellular Levels of IP3

IP3 production was quantified using the procedure de-
scribed by Oldham [15] and Challiss [16]. Cells were
cultured in 35-mm Petri dishes until confluent and were
then washed twice with a-MEM and preincubated with the
vehicle or the antagonist for 30 min. The experiment was
initiated by the addition of tachykinin receptor agonists or
vehicle, and the incubation was stopped at the indicated
time (kinetic experiments) or after 15 sec (concentration–
response curves) by rapidly aspirating the medium and
adding 1 mL of ice-cold 4% perchloric acid. Cells were kept
on ice for 20 min, then the perchloric acid extract was
removed while the Petri dishes containing the cell precip-
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itate were stored for protein determination. The perchloric
acid extract was centrifuged at 2000 g for 20 min at 4° to
precipitate residual denatured proteins, and the resulting
supernatant was titrated to pH 7.5 with 5 N KOH and kept
on ice for 20 min. After removal of insoluble KClO4 by
centrifugation, supernatants were stored at 270° until
assay. The IP3 content was measured with a commercially
available radioreceptor assay kit. The cell precipitate was
removed from the Petri dishes by adding 0.1 M NaOH. The
protein content of the NaOH solubilized samples was
determined according to the protein binding dye method of
Bradford [17] by measuring the optical density of the
samples at 630 nm, using a multiwell plate reader (Ceres
900-UV, Packard Instruments). A standard calibration
curve of BSA was run in parallel.

Treatment with PBZ

Confluent cells in 35-mm Petri dishes (for IP3 formation)
or in 75-cm2 flasks (for binding experiments) were washed
twice with PBS and preincubated for 30 min at 37° in a
humidified atmosphere of 5% CO2–95% air, in the pres-
ence or in the absence of PBZ, 10 nM for binding
experiments and from 30 nM to 30 mM for IP3 formation.
After incubation, the cells were washed twice with PBS and
then processed as described above.

Data Analysis

Saturation and competition data, obtained from separate
experiments in duplicate, were processed by the method of

Munson and Rodbard [18], by sequentially using EBDA [19]
and LIGAND (National Institute of Health, Bethesda,
MD) programs to determine the Bmax and Kd for the
radioligand and Ki for the competitors. Parameter values are
expressed as means and standard error of the mean. Con-
centration–response curves for IP3 production were ana-
lyzed by the MacAllfit for Macintosh program (Consorzio
Mario Negri) in order to determine EC50 and IC50 values,
which are reported as means and standard error of the
mean. Means were compared by Student’s t-test for
unpaired samples: a P level ,0.05 was considered signif-
icant.

RESULTS
Binding Affinities of the Natural Tachykinins for the
Wild-type and the Mutant Human NK2 Receptor

The levels of receptor expression for both the wild-type and
Tyr289Phe mutant human NK2 receptors transfected in
CHO cells were comparable, as indicated by the Bmax

values (206 6 28 and 252 6 43 fmol/mg21 protein, N510
and 12, respectively) estimated from saturation binding
experiments with [125I]NKA. The natural tachykinins
bound to the wild-type human NK2 receptor with the
expected rank order of affinity, NKA . NKB ... SP (Fig.
1). Neither the rank order nor the affinity values of the
three natural tachykinins were significantly affected by the
Tyr289Phe mutation (Table 1). In particular, the Ki of
NKB was 60-and 42-fold higher than that of NKA at the
wild-type and Tyr289Phe mutant NK2 receptors, respec-
tively. The Ki of SP was 593-and 1183-fold higher than that
of NKA at the wild-type and Tyr289Phe mutant NK2

receptors, respectively (Table 1).

Tachykinin-induced IP3 Production in CHO Cells
Transfected with the Wild-type and the Mutant
Human NK2 Receptor

NKA and SP induced the production of intracellular IP3 in
wild-type cells with similar kinetics, showing a maximum at
15 sec and a relatively fast decay afterwards (Fig. 2, upper
panel). A similar kinetic profile was obtained with NKA at

FIG. 1. Competition of [125I]NKA binding to membranes of
CHO cells transfected with the wild-type NK2 receptor by
increasing concentrations of NKA (closed circles), NKB (open
circles), and SP (closed triangles), as described in Materials and
Methods. The values reported are means 6 SEM as generated by
LIGAND (N 5 4–12).

TABLE 1. Effects of tachykinin receptor agonists and
antagonists on the binding of [125I]NKA to the wild-type and
Tyr289Phe mutant human NK2 receptor

Ligand Wild-type* Tyr289Phe

NKA 2.3 6 0.32‡ (10) 2.0 6 0.32‡ (12)
NKB 138 6 35 (4) 85 6 5.3 (4)
SP 1366 6 285 (4) 2366 6 615 (4)
MEN 11420 2.8 6 0.03 (4) 3.2 6 0.38 (6)
SR 48968 0.16 6 0.07 (6) 466 6 73 (6)

Results were obtained as described in Materials and Methods. Numbers are means 6
SEM of Ki or Kd ‡values (nM). Numbers in parentheses indicate the replicates of
concentration–response curves used to generate mean Ki or Kd values.

*Bmax value was 206 6 28 fmol mg21 protein.
†Bmax value was 252 6 43 fmol mg21 protein.
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the Tyr289Phe mutant receptor (Fig. 2, lower panel).
Therefore, a contact time of 15 sec was chosen for the
further studies on the concentration dependency of IP3

production.
As shown in Fig. 3, NKA produced a concentration-

dependent formation of IP3 at both the wild-type and the
mutant receptor transfected cells. The potency of NKA was
slightly affected by the Tyr289Phe mutation (2.8-fold
reduction as compared to the wild-type receptor, Table 2),

and its agonist efficacy was not significantly affected: in
fact, the Emax for IP3 accumulation in response to NKA
averaged 171 6 18 and 124 6 15 pmol mg21 protein for
the wild-type and Tyr289Phe mutant receptors, respec-
tively (N 5 12 and 9, respectively, not significant).

The selective tachykinin NK2 receptor agonists, GR
64349 and [bAla8]NKA(4–10), proved to be full agonists
at both the wild-type and Tyr289Phe mutant NK2 receptors
(Table 2): moreover, the agonist potencies of GR 64349
and [bAla8]NKA(4–10) at the mutant receptor were not

FIG. 3. Concentration dependence of IP3 formation in CHO
cells transfected with the wild-type NK2 receptor (a) and with
the Tyr289Phe mutant receptor (b). Confluent cells were
washed and preincubated for 30 min in a-MEM, and were then
exposed to increasing concentrations of NKA (closed circles),
NKB (closed squares), and SP (open squares). The reaction was
stopped after 15 sec and the amount of IP3 produced was
determined as described in Materials and Methods. For each
agonist, the data are expressed as percentage of the maximal
response to NKA. Each value is the mean 6 SEM of 6–12
measurements.

FIG. 2. Time dependence of IP3 formation in CHO cells trans-
fected with the wild-type NK2 receptor (upper panel) and with
the Tyr289Phe mutant receptor (lower panel). Confluent cells
were washed and preincubated for 30 min in a-MEM, and were
then exposed for the indicated time with vehicle (closed
squares), 1 mM NKA (closed circles), and 10 mM SP (open
circles). The amount of IP3 produced was determined as de-
scribed in Materials and Methods. For each agonist, the data are
expressed as pmol IP3/dish. Each value is the mean 6 SEM of
6–9 measurements.
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significantly different from those estimated at the wild-type
receptor.

Consistent with their lower binding affinities for the
wild-type NK2 receptor as compared to NKA, the two
natural tachykinins, NKB and SP, were less potent agonists
(by a factor of about 10 and 34, respectively) than NKA in
stimulating IP3 formation in cells expressing this receptor.
While NKB exhibited a full agonist profile, SP was found to
be a partial agonist, giving a maximal response which
averaged 67 6 4% that of NKA (Fig. 3a). The efficacy of
NKB and SP was markedly affected by the Tyr289Phe
mutation. In particular, the Emax to NKB in producing IP3

formation via the mutant NK2 receptor was reduced to 50%
of the maximal response to NKA (Fig. 3b). For this
tachykinin, an EC50 could be calculated (693 6 100 nM,
Table 2), which, remarkably, was not significantly different
from that estimated at the wild-type NK2 receptor (954 6
141 nM). We can thus conclude that the Tyr289Phe
mutation determined a pure reduction in the efficacy of
NKB as an agonist, without affecting its potency.

The effect of Tyr289Phe mutation on agonist efficiency
was even more dramatic in the case of SP, which was
completely inactive in producing IP3 accumulation at the
mutant NK2 receptor up to a concentration of 10 mM (Figs.
2 and 3, Table 2). Notably, no agonist effect of SP at the
mutant NK2 receptor was obtained even when IP3 levels
were measured up to 60 sec from its addition (Fig. 2, lower
panel).

Effect of GTP on Binding Affinity of NKA

The potencies of agonists in producing IP3 accumulation
was lower than their estimated binding affinities (Tables 1
and 2): for example, the EC50 of NKA in producing IP3

accumulation was 42- and 134-fold higher than the esti-
mated Kd values at the wild-type and mutant NK2 receptor,

respectively. The question was raised as to whether low
GTP levels in the membrane preparation could be respon-
sible for this difference. Indeed, the binding of NKA to the
membrane preparation was found to be reduced by GTP: in
particular, the affinity of NKA was reduced in the presence
of GTP by about 3-fold for the wild-type receptor (Kd 5
2.3, 7.0, and 6.3 nM in the absence and the presence of 1
or 10 mM GTP, respectively, N 5 3–10) and by about 3- to
10-fold for the Tyr289Phe mutant receptor (Kd 5 2.3, 12,
and 22 nM in the absence and the presence of 1 or 10 mM
GTP, respectively, N 5 3–12).

SP as an Antagonist of NKA at the Tyr289Phe
NK2 Receptor

The profile of SP action at the Tyr289Phe mutant NK2

receptor (sizeable binding affinity without appreciable ag-
onist efficacy) is that typical of an antagonist molecule:
indeed, when the cells transfected with the mutant
Tyr289Phe NK2 receptor were preincubated with SP (10
mM) for 30 min before the challenge with a submaximally
effective concentration of NKA (1 mM), the agonist effect
of NKA was markedly inhibited (Fig. 4).

Effect of Pretreatment with PBZ

The observed considerable reduction in the efficacies of
certain agonists at the mutant NK2 receptor may involve a
different receptor reserve between the wild-type and mu-
tant NK2 receptor. We therefore examined whether recep-
tor alkylation with PBZ differentially affected the binding

FIG. 4. Effects of SP on IP3 formation at the Tyr289Phe NK2
receptor. Confluent cells were washed and preincubated for 30
min in a-MEM in the absence or presence of 10 mM SP, and
were then exposed to 1 mM NKA or 10 mM SP. The reaction
was stopped after 15 sec and the amount of IP3 produced was
determined as described in Materials and Methods. Data are
expressed as the net increase in IP3 formation (pmol/dish). Each
value is the mean 6 SEM of 6–12 measurements.

TABLE 2. Effects of tachykinin receptor agonists and
antagonists on the IP3 formation in wild-type and Tyr289Phe
mutant human NK2 receptor

Wild-type Tyr289Phe

Agonists
NKA 97 6 10 (12) 268 6 40 (9)*
[b-Ala8]NKA(4-10) 265 6 27 (6) 270 6 36 (6)
GR 64349 72 6 9 (6) 162 6 39 (6)
NKB 954 6 141 (6) 693 6 100 (9)
SP 3,293 6 577 (9) inactive up to 10 mM

Antagonists
MEN 11420 4.2 6 0.6 (9) 2.6 6 0.4 (6)
SR 48968 0.94 6 0.19 (6) inactive up to 1 mM

The cells were stimulated with increasing concentrations of agonists, and IP3

formation was evaluated as described in Materials and Methods. For the antagonist
concentration–response curves, cells were preincubated with increasing concentra-
tions of compound and then exposed to NKA 0.3 mM and 1 mM for wild-type and
Tyr289Phe receptor, respectively. EC50 and IC50 values (nM) are reported as means 6
SEM. Numbers in parentheses indicate the replicates of concentration–response
curves used to generate mean EC50 or IC50 values.

*P , 0.05 as compared to the wild-type receptor.
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affinity and agonist efficacy of NKA. At a concentration as
low as 10 nM, which did not affect the NKA-induced IP3

formation, PBZ pretreatment largely reduced the number of
binding sites: the Bmax, estimated by 125I]NKA saturation
binding experiments, was reduced to 25 6 6 and 17 6 5%
of control (N53 in each case) for the wild-type and mutant
NK2 receptor, respectively. Despite its large inhibitory
effect on Bmax, PBZ pretreatment, up to 100 nM, did not
reduce IP3 formation induced by NKA in either the
wild-type or Tyr289Phe mutant NK2 receptor (Fig. 5).
Higher concentrations of PBZ produced a concentration-
dependent inhibition of IP3 formation induced by NKA (3
mM) in cells expressing either receptor form. Although the
inhibitory effect of concentrations of PBZ in the range
0.1–0.3 mM appeared to be more intense on the Tyr289Phe
mutant than on the wild-type receptor, the overall inhibi-
tory effect on the response produced by activation of the
two receptors was largely superimposable: the IC50 value of
PBZ for inhibition of the NKA-induced IP3 formation was
not significantly different in the two transfected cell lines
(IC50 5 5.9 6 1.3 and 3.0 6 1.0 mM for the wild-type and
the mutant, respectively, Fig. 5).

Binding of Peptide and Non-peptide NK2
Receptor Antagonists

The non-peptide NK2 receptor antagonist SR 48968 and
the bicyclic peptide NK2 receptor antagonist MEN 11420

both showed high affinity for the wild-type human NK2

receptor, SR 48968 being about 10-fold more potent than
MEN 11420 (Table 1). Confirming the observations of
Huang et al. [8], the replacement of Tyr289 by Phe
dramatically affected the binding affinity of SR 48968: the
calculated Ki of SR 48968 for the Tyr289Phe mutant was
1000-fold higher than that for the wild-type NK2 receptor
(Table 1). On the other hand, the binding affinity of MEN
11420 was not significantly affected by replacement of
Tyr289 with Phe (Table 1).

Effect of Antagonists on NKA-induced
IP3 Accumulation

When checking the effect of the Tyr289Phe mutation on
the potency of antagonists in the functional assay, it was
found that MEN 11420 inhibited the IP3 accumulation
induced by a submaximally effective concentration of NKA
with a potency similar to that observed at the wild-type
NK2 receptor (IC50 5 2.6 and 4.2 nM, respectively, Table
2). SR 48968 potently antagonized the NKA-induced IP3

accumulation at the wild-type NK2 receptor (IC50 5 0.94
nM), but was ineffective as an antagonist at the Tyr289Phe
mutant up to 1 mM, according to its markedly reduced
binding affinity.

DISCUSSION

The results obtained with NKA, GR 64349,
[bAla8]NKA(4–10) and MEN 11420 indicate that the
Tyr/Phe replacement at position 289 did not produce
important alterations in the whole structure of the NK2

receptor protein. Moreover, the expression of the receptor
by CHO cells occurred at comparable levels for the wild-
type and the mutant receptor. Therefore, the observed
impairment in the binding and functional properties of
certain agonists (NKB, SP) and antagonists (SR 48968) can
be reasonably assumed to be dependent upon discrete
alterations in receptor structure and function involving the
2OH function of Tyr 289.

A considerable quantitative discrepancy exists between
the binding affinity of NKA and its potency in stimulating
IP3 formation for both the wild-type and Tyr289Phe mu-
tant human NK2 receptor. This discrepancy can be partly
attributed to a low, non-physiological level of GTP in the
membrane preparation as compared to that present in
intact cells. In fact, exogenously added GTP decreased the
binding affinity constant of NKA; despite this modifica-
tion, the estimated binding affinity of NKA was still
significantly higher than its agonist potency in producing
IP3 accumulation. On the other hand, no significant
difference was found between the estimated binding affin-
ities and antagonist potencies of MEN 11420 at the
wild-type and Tyr289Phe mutant receptor. We hypothesize
that the GTP-independent difference between Kd and EC50

values observed with NKA largely arises from kinetic
factors. The EC50 values for IP3 formation were estimated

FIG. 5. Effect of PBZ on NKA-induced IP3 formation. Conflu-
ent cells transfected with the wild-type NK2 receptor (closed
circles) or with the Tyr289Phe mutant receptor (open circles)
were treated with increasing concentrations of PBZ. After a
30-min incubation, the cells were washed twice with PBS,
processed as described in Materials and Methods, and then
stimulated with 3 mM NKA. The reaction was stopped after 15
sec and the amount of IP3 produced was determined as described
in Materials and Methods. Each value is the mean 6 SEM of 12
measurements.
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under non-equilibrium conditions, since IP3 formation is a
rapid and transient event. In fact, when measuring the
time–course of IP3 formation in response to NKA, the
maximal response was produced at 15 sec from the addition
of the peptide. On the other hand, the binding affinity and
antagonist potency of MEN 11420 in preventing IP3

accumulation were both measured at equilibrium. More-
over, when measuring another end point as index of cellular
activation by NKA, the production of prostaglandin E2, we
found that the EC50 of NKA (and other agonists as well)
closely matches the estimated binding affinities [20]. No-
tably, the production of prostaglandin E2 by NKA, which
involves a different and independent signaling pathway as
compared to IP3 formation (activation of phospholipase A2

and C, respectively), reaches equilibrium at 30 min from
the addition of the agonist [20].

The ability of the Tyr289Phe mutation to affect the
agonist efficacy of SP and NKB without affecting that of
NKA and of selective NK2 receptor agonists is the main
new finding of this study. Huang et al. [8] previously
reported that Tyr289Phe replacement does not affect the
NKA binding affinity and agonist efficacy, but they did not
investigate the behavior of other natural tachykinins at the
mutant receptor.

The binding affinities of NKB and SP were not markedly
altered by the Tyr289Phe mutation, indicating that the
removal of the 2OH function of Tyr289 affected the
signaling capacity of the receptor but not its ability to
interact with NKB and SP. This conclusion is further
supported by the notion that the EC50 of NKB does not
significantly differ between the wild-type and Tyr289Phe
mutant receptor, although the agonist efficacy of NKB was
reduced by about 50% at the latter receptor. On this basis,
we conclude that the 2OH function of Tyr289 is not
directly involved in the binding of NKB and SP to the
human NK2 receptor but is, rather, essential for transducing
the signal in response to receptor occupancy by these
agonists. Interestingly, a nearby residue (Leu292) had been
implicated in the binding of SP and NKB but not NKA to
the human NK2 receptor [6]. The results of PBZ alkylation
experiments indicate that a large receptor reserve exists in
CHO cells transfected with either the wild-type or
Tyr289Phe mutant NK2 receptor. In fact, a concentration
of PBZ (10 nM) which did not significantly reduce the
ability of NKA to induce IP3 formation produced about
80% reduction in Bmax. Our data indicate that the wild-
type and Tyr289Phe mutant NK2 receptor possess a sub-
stantially similar sensitivity to inactivation by PBZ with
regard to their coupling efficiency in generating IP3 forma-
tion in response to NKA. On the other hand, a minor
difference between the mutant and the wild-type receptor
exists with regard to sensitivity to PBZ pretreatment,
especially at 0.3–1 mM concentration (Fig. 5). Therefore, it
is not possible to totally exclude the possibility that the
reduction in efficacy for certain agonists (NKB and SP) at
the mutant receptor may involve, at least in part, a
difference in receptor reserve. Our data demonstrate that

SP is a partial agonist in producing IP3 formation at the
wild-type NK2 receptor, with IP3 formation kinetics very
similar to that of NKA. SP still binds with sizeable affinity
at the mutant NK2 receptor, but it is evidently incapable of
inducing an agonist response at this receptor. As discussed
above, it is possible that a difference in receptor reserve
between the wild-type and the mutant receptor may ac-
count for this result. On the other hand, the ability of SP to
act as an NKA antagonist at the mutant receptor raises the
possibility that SP (and NKB) select a different conformer
of the NK2 receptor from the one “selected” by NKA and
that the 2OH group of Tyr289 is more important for the
former than for the latter interaction. The question was
raised as to whether the “apparent antagonism” exerted by
SP at the Tyr289Phe mutant NK2 receptor may involve
receptor internalization. To assess this point, we performed
saturation experiments at 4° up to equilibrium (120 min)
on intact cells after a preincubation for 30 min at 37° with
10 mM SP, and measured about 40% reduction in Bmax with
respect to non-treated cells. Considering the results of PBZ
inactivation experiments, this effect cannot explain the
failure of SP to induce IP3 formation at the mutant NK2

receptor, since a very large receptor reserve exists for
producing this effect. The existence of different agonist-
dependent conformers of the tachykinin NK1 receptor has
been recently proposed [21]; our results are consistent with
the hypothesis that a similar phenomenon occurs with the
NK2 receptor, in particular that the agonist-bound con-
former of the NK2 receptor protein operated by SP differs
from that operated by NKA. This hypothesis needs further
experimental evaluation. The replacement of Tyr289 by
Phe in the human NK2 receptor has been reported to
dramatically affect the binding affinity of the non-peptide
NK2 receptor antagonist, SR 48968, without affecting the
binding affinity of NKA [8]. The exact role of the 2OH
group of Tyr289 in determining the full binding affinity of
SR 48968 for the human NK2 receptor has not been
elucidated; given the small extent of the structural varia-
tion introduced, it may be speculated that the 2OH group
of Tyr289 is a direct point of interaction between the NK2

receptor protein and a suitable moiety in the structure of
SR 48968 [8]. An alternative explanation is that the
receptor conformer with high affinity for SR 48968 is
thermodynamically unaccessible if the 2OH function of
Tyr289 is lacking. The present findings indicate that the
affinity of the peptide-based NK2 receptor antagonist MEN
11420 is unchanged by Tyr289Phe mutation and establish
a clear difference between peptide and non-peptide NK2

receptor antagonists in their mode of interaction with the
tachykinin NK2 receptor, as suggested by earlier functional
studies [22].

The indication that the 2OH function of Tyr289 is
involved, directly or indirectly, in the signaling capability
of NK2 receptors may have a bearing on the unsurmount-
able type of antagonism displayed by the non-peptide NK2

receptor antagonist, SR 48968 in certain bioassays and
species [9, 21, 23, 24], despite its competitive mode of
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interaction in binding assays [9, 25]. The 2OH group of
Tyr289 seems crucial for the binding affinity of SR 48968
[8] and, being also involved in signal transduction, it may
represent a site of interaction through which SR 48968
exerts a non-competitive type of antagonism. Since the
non-competitive antagonism of SR 48968 has been ob-
served when using NKA or [bAla8]NKA(4–10) as agonists
in certain bioassays [9, 21, 23, 24], the above interpretation
implies that the NK2 receptor conformer requiring the
2OH function of Tyr 289 for a full signaling capability is
physiologically relevant in intact tissues of some species.

In conclusion, the present findings demonstrate that the
2OH group of Tyr289 is involved in IP3 generation in
response to natural tachykinins (NKB and SP) but not in
response to NKA or synthetic NK2 receptor agonists. These
data suggest the existence of distinct agonist-bound con-
formers of the tachykinin NK2 receptor.

References

1. Maggi CA, Patacchini R, Rovero P and Giachetti A, Tachy-
kinin receptors and tachykinin receptor antagonists. J Au-
tonom Pharmacol 13: 23–93, 1993.

2. Regoli D, Boudon A and Fauchere JL, Receptors and antag-
onists for substance P and related peptides. Pharmacol Rev 46:
551–599, 1994.

3. Blount P and Krause JE, Functional nonequivalence of struc-
turally homologous domains of NK1 and NK2 type tachykinin
receptors. J Biol Chem 268: 16388–16395, 1993.

4. Arkinstall S, Emergy I, Church D, Chollet A and Kawashima
E, Calcium influx and protein kinase C activation mediate
arachidonic acid mobilization by the human NK2 receptor
expressed in CHO cells. FEBS Lett 338: 75–80, 1994.

5. Gether U, Yokota Y, Emonds-Alt X, Breliere JC, Lowe III JA,
Snider RM, Nakanishi S and Schwartz TW, Two nonpeptide
tachykinin antagonists act through epitopes on corresponding
segments of the NK1 and NK2 receptors. Proc Natl Acad Sci
USA 90: 6194–6198, 1993.

6. Bhogal N, Donnelly D and Findlay JBC, The ligand binding
site of the NK2 receptor. J Biol Chem 269: 27269–27274,
1994.

7. Turcatti G, Vogel H and Chollet A, Probing the binding
domain of the NK2 receptor with fluorescent ligands: Evi-
dence that heptapeptide agonists and antagonists bind differ-
ently. Biochemistry 34: 3972–3980, 1995.

8. Huang R-RC, Vicario PP, Strader CD and Fong TM, Identi-
fication of residues involved in ligand binding to the neuro-
kinin-2 receptor. Biochemistry 34: 10048–10055, 1995.

9. Emonds-Alt X, Vilain P, Goulaouic P, Proietto V, Van
Broeck D, Advenier C, Naline E, Neliat G, Le Fur G and
Breliere JC, A potent and selective nonpeptide antagonist of
the neurokinin A (NK2) receptor. Life Sci Pharmacol Lett 50:
PL101–106, 1992.

10. Catalioto R-M, Criscuoli M, Cucchi P, Giachetti A, Gian-
notti D, Giuliani S, Lecci A, Lippi A, Patacchini R, Quartarta
L, Renzetti AR, Tramontana M, Arcamone F and Maggi CA,

MEN 11420 (Nepadutant) a novel glycosylated bicyclic
peptide tachykinin NK2 receptor antagonist. Br J Pharmacol
123: 81–91, 1998.

11. Taylor JW, Ott J and Eckstein F, The rapid generation of
oligonucleotide-directed mutations at high frequency using
phosphorothioate-modified DNA. Nucl Acids Res 13: 8764–
8785, 1985.

12. Nakamaye KL and Eckstein F, Inhibition of restriction endo-
nuclease Ncil cleavage by phosphorothioate groups and its
application to oligonucleotide-directed mutagenesis. Nucl
Acids Res 14: 9679–9698, 1986.

13. Rotondaro L, Mazzanti L, Mele A and Rovera G, High-level
expression of cDNA for granulocyte colony-stimulating factor
in Chinese hamster ovary cells. Effect of 39-noncoding se-
quences. Mol Biotechnol 7: 231–240, 1997.

14. Urlaub G and Chasin LA, Isolation of Chinese hamster cell
mutants deficient in dihydrofolate reductase activity. Proc
Natl Acad Sci USA 77: 4216–4220, 1980.

15. Oldham KG, Polyphosphoinositide turnover. In: Receptor-
Effector Coupling: A Practical Approach (Ed. Hulme EC), pp.
99–116. IRL Press-Oxford University Press, New York, 1990.

16. Challiss RA, Mass measurement of key phosphoinositide
cycle intermediates. Methods in Molecular Biology. In: Signal
Tranduction Protocols (Eds. Kendall DA and Hill SJ), pp.
167–176. Humana Press, Totawa, NJ, 1995.

17. Bradford M, A rapid and sensitive method for the quantifi-
cation of microgram quantities of protein utilizing the prin-
ciple of protein–dye binding. Anal Biochem 72: 248, 1976.

18. Munson PJ and Rodbard D, LIGAND: A variable computer-
ized approach for characterization of ligand-binding systems.
Anal Biochem 107: 220–239, 1980.

19. McPherson GA, Analysis of radioligand binding experiments:
A collection of computer programs for IBM PC. J Pharmacol
Meth 14: 213–228, 1985.

20. Catalioto R-M, Cucchi P, Renzetti AR, Criscuoli M and
Maggi CA, Independent coupling of the human tachykinin
NK2 receptor to phospholipases C and A2 in transfected
Chinese hamster ovary cells. Naunyn-Schmiedeberg’s Arch
Pharmacol 358: 395–403, 1998.

21. Maggi CA and Schwartz TW, The dual nature of the
tachykinin NK1 receptor. Trends Pharmacol Sci 18: 351–354,
1997.

22. Patacchini R, De Giorgio R, Giachetti A and Maggi CA,
Different mechanism of tachykinin NK2 receptor blockade by
SR 48968 and MEN 10627 in the guinea-pig isolated gall-
bladder and colon. Eur J Pharmacol 271: 111–119, 1994.

23. Maggi CA, Patacchini R, Giuliani S and Giachetti A, In vivo
and in vitro pharmacology of SR 48,968, a non-peptide
tachykinin NK2 receptor antagonist. Eur J Pharmacol 234:
83–90, 1993.

24. Maggi CA, Patacchini R, Meini S, Quartara L, Sisto A, Potier
E, Giuliani S and Giachetti A, Comparison of tachykinin
NK1 and NK2 receptors in the circular muscle of the guinea-
pig ileum and proximal colon. Br J Pharmacol 112: 150–160,
1994.

25. Emonds-Alt X, Golliot F, Pointeau P, Le Fur G and Breliere
JC, Characterization of the binding sites of [3H]SR 48,968, a
potent nonpeptide radioligand antagonist of the NK2 recep-
tor. Biochem Biophys Res Comm 191: 1172–1177, 1993.

906 A. R. Rezetti et al.


