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ABSTRACT

The present study investigates the pharmacology of the cloned neurokinin 1 receptor from
the gerbil (gNK;R), a species claimed to have human-like NK;R (hNK;R) pharmacology.

The amino acid sequence of NK;R was cloned. The hNK;R, rat NK;R (rNK;R), gNK;R and
mutants of the gNK;R were expressed in CHO cells. The affinity and potency of NKR agonists
and the NK;R antagonists CP99994 and RP67580 (NK;R-selective) and ZD6021 (NK1/2R) were
assessed in vitro by monitoring [*H]-SarMet SP binding and substance P-evoked mobilization
of intracellular Ca®*. The gerbil foot tap (GFT) method was used to assess the potency of the
antagonists in vivo.

The gNK;R coding sequence displayed an overall 95% and 97% homology with hNK;R
and rNK;R, respectively. The affinity of the NK;R-selective agonist *H-SarMet SP for human
and gerbil NK;R was similar (2.0 and 3.1 nM) but lower for rNK;R (12.4 nM). The rank order
potency of the agonists for NK;R was SP > ASMSP > NKA >> pro7NKB in all species. The
NK;R antagonists, ZD6021 and CP99994, had comparable affinity and potency for gerbil and
human NK;R, but were 1000-fold less potent for INK;R. In contrast, RP67580 had compar-
able affinity and potency for all three species. Mutations in positions 116 and 290 did not
affect agonist potency at the gNK;R while the potency of the antagonists ZD6021 and
CP99994 were markedly decreased (10-20-fold). It is concluded that gNK;R has similar
antagonist pharmacology as the human-like orthologue and that species differences in
antagonist function depend on key residues in the coding sequence and antagonist
structure.
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1. Introduction

The structurally related tachykinins substance P (SP), neuro-
kinin A (NKA) and neurokinin B (NKB) are the well-known
mammalian members of the tachykinin peptide family [1].
Recently, additional mammalian tachykinins such as hemo-
kinin-1 and endokinins have been discovered [2]. The
tachykinins mediate their effects via binding to G-protein-
coupled neurokinin (NK) receptors [3-5]. The NK receptor
subtypes cloned and characterized so far are termed NK1
(NK4R), NK; (NK,R) and NK3 (NK3R). SP has the highest affinity
for the NK;R and NKA and NKB for the NK,R and NK3R,
respectively. However all three tachykinins can interact with
each receptor.

The NK;R has been considered as an attractive target in a
wide-variety of indications such as asthma, pain, psychiatric
disorders, emesis, gastrointestinal disorders and urine incon-
tinence [6-9] resulting in the development of several NK;R-
selective antagonists [10,11].

Interestingly, species-related variations exist in the pri-
mary sequence of the NK;R which affect the affinity of small-
molecule NK;R antagonists without affecting the potency or
efficacy of endogenous agonists [12]. The NK;R family can be
grouped into two sub-families based on receptor orthologues
affinity to small molecule antagonists. The first sub-family
consists of the human, guinea pig, rabbit, dog, gerbil and ferret
NK;R, while the second sub-family consists of rat and mouse
NK;R [13,14]. The cloned rat and human NK;R (rNK;R and
hNK;R) display 95% homology over the whole amino acid
sequence. However, when analyzing the seven transmem-
brane regions, six amino acids differ between the two species.
In contrast, the guinea pig NK;R (gp NK;R), a species with
similar NK;R antagonist pharmacology to man, has 97%
homology overall and is 100% identical in the transmembrane
regions to hNK;R. Hence, the degree of homology in the
transmembrane regions between different species may pre-
dict if similarities exist in antagonist pharmacology. Indeed,
previous reports indicate that residues 116 and 290, located in
transmembrane (Tm) regions 3 and 7, respectively, are
important in dictating the species selectivity between rNK;R
and hNK;R at least when it comes to the NK;R antagonists
RP67580 and WIN 51708, both having a higher affinity for
INK;R [15,16] and CP96345, CP99994 and FK888, having a
higher affinity for hNK;R [15,17-19].

Due to the differences in NK;R orthologoue pharmacology,
severalnon-rat/mouse models have been developed to screen
for potency and efficacy of NK;R small molecule antagonists
in vivo. Gerbils belong to the human sub-family and therefore
represent a relevant animal species for identifying clinically
active NK;R antagonists. One assay often used is the so-called
gerbil foot tap model (GFT) [20]. Central (intracerebroven-
tricular, i.c.v.) administration of selective NK;R agonists
results in repetitive hindfeet tapping of the gerbil. Pre-
treatment with potent NK;R antagonists that have the
capability to pass the blood brain barrier inhibit agonist-
induced foot tapping. This model has been useful in screening
for small molecule antagonists possessing central activity
[6,20-24]. In addition, the GFT model has been used to predict
anti-emetic properties of NK1R antagonists [21] and to predict
occupancy of centrally located NK;R [25]. Gerbils have also

been used in behavioural models intended to identify
potential anti-depressant or anxiolytic effects of NK;R
antagonists [26,27].

In contrast to human, rat and gpNK;Rs, the gerbil NK;R
(gNK;R) has not been cloned. The similarities in affinity
between human and gNK;R have only been shown using
binding experiments from gerbil tissues [13]. The aims of this
study were to clone the gNK;R, provide pharmacological
characterization, and to identify key positions for antagonist
affinity and function using site-directed mutagenesis.

2. Materials and methods
2.1. Chemicals

Acetyl-[Arg®,Sar’,Met(0,)*]-SP6-11 (ASMSP), a selective NK1-
receptor agonist, SP, NKA and Pro7NKB were purchased from
Bachem (Peninsula Laboratories Inc., San Carlos, CA). 3-Cyano-
naphthalene-1-carboxylic acid ((S)-2-(3,4-dichloro-phenyl)-
4-{4-[2-((S)-methanesulfinyl)-phenyl]-piperidin-1-yl}butyl)-
methyl-amide (ZD6021), (2-methoxy-5-trifluoromethoxy-ben-
zyl)-((2S,3S)-2-phenyl-piperidin-3-yl)-amine (CP99994) and
(3aR,7aR)-2-[1-imino-2-(2-methoxy-phenyl)-ethyl]-7,7-diphe-
nyl-octahydro-isoindol-4-one (RP67580) were all synthesized at
AstraZeneca Wilmimgton, USA [28-30].

2.2. Molecular cloning and mutagenesis of the NK1
receptor

Total RNA was prepared from 20 to 100 mg of gerbil pancreas
and striatum with RNA-STAT-60 (Tel-Test Inc., Texas) and
used as sources for NK1 receptor (NK;R) cloning. One
microgram of total RNA from striatum and pancreas respec-
tively were used for the first strand cDNA synthesis using
SMART RACE cDNA Amplification kit (BD Biosciences, NJ).
ClustalW alignment of NK;R sequence from human, rat,
mouse and guinea pig was used to select primers with high
homology between different species. Primers used in the
3'RACE and in the 5'RACE are shown in Table 1. The RACE
reactions were performed on cDNA from gerbil pancreas. The
RACE fragments were characterized and two clones contain-
ing gerbil specific NK1 sequence in the untranslated region
were identified. Full-length PCR was performed using gerbil
specific primers (Table 1). Complementary DNA from striatum
(2.5 wl) was used in the optimized full-length PCR with forward
and reversed primer (1x PCR buffer, 5 mM of each dNTP, 20 uM
primers and 1 U Pfu Ultra, Stratagene, La Jolla, CA). Optimized
conditions were incubation for 2 min at 95 °C followed by 35
cycles at 95 °C denaturation for 30 s, 55 °C annealing for 1 min,
72 °C extension for 2 min followed by an extension step at
72 °C for 10 min. The resulting PCR product was cloned into
PCR"™4Blunt-TOPO vector (Invitrogen, Carlsbad, CA, USA) and
10 different clones were sequenced. The consensus sequence
was used to design new primers containing restriction sites
(Table 1) used in a new PCR for sub cloning in the pIREShyg2
expression vector (BD Biosciences Clontech, Paolo Alto, CA,
USA).

All mutations were made using the Quick-Change Multi
Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA). The
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Table 1 - Primers used for the gerbil NK;R cloning and mutagenesis

Step

Primers

SMART RACE

Full-length PCR

Subcloning

Mutation 1 (M54)
Mutation 2 (S80C)
Mutation 3 (V116L)
Mutation 4 (1290S)

5'-GCTGCCCTTCCACATCTTCTTCCTCCTG-3' (3'RACE)
5'-GCCAGCAGGAGAGCCAGGACCCAGATG-3' (5S'RACE)

5'-AGGCATCTGCAACAAGGTC-3' (forward)
5'-AACCATTATGACCCTTTCCAGA-3' (reverse)

5'-GGATCCGCCACCATGGATAACGTCCTCCCTGG-3' (forward, BamHI,
Kozac sequence)
5'-GATATCATGCCCTTGAAATATGCCCACTG-3' (reverse, Nhel)

5'-CAACGTGGTGGTGATATGGATCATTTTGGC-3'
5'-GCTGAGGCCTGCATGGCCGCATTC-3'
5'-CCATTGCTGCTCTCTTCGCCAGCATC-3'
5'-TCTACCTGGCCAGCATGTGGCTAGCC-3

The Kozac sequence is italicised and mutations are indicated in bold.

gerbil NK4R in the pIREShyg?2 expression vector was used as a
template in all reactions. Four single mutations were made
together with one construct combining all four single
mutation (Table 1). All primers used were ordered from
Qiagen (http://www.oligos.qiagen.com).

2.3. Cell culture and transfection

Chinese Hamster Ovary (CHO) cells (obtained from ATCC,
Middlesex, UK) were transfected with rat (accession number
J05097), gerbil (accession number AJ884917) or mutated gerbil
NK;R, using Lipofectamine™ 2000 (Invitrogen, CA). Clones
expressing rat NK;R or gerbil NK;R (wt or mutated) were
selected by growth in 500 pg/ml hygromycin B and tested for
functionality in a Ca®* mobilization assay. CHO cells stably
expressing human NK;R (accession number NM_001058) was
supplied by AstraZeneca R&D, Wilmington, USA. Stable
transfectants were maintained by supplementing culture
media (NutMix F12 (HAM) with Glutamax I, 10% FBS) with
hygromycin B at 500 pg/ml for rat and gerbil NK1 (wt or
mutated) expressing cells or geneticin at 200 pg/ml for human
NK1 expressing cells. Cultures were kept at 37 °C in a 5% CO,-
incubator and routinely passaged when 70-80% confluent for
up to 20-25 passages.

2.4. Membrane preparations

CHO-cells expressing human, rat or gerbil (wt or mutated)
NK;R were detached with Accutase® and harvested in ice-cold
PBS. The cells were washed twice in PBS, pelleted by
centrifugation for 5 min at 1500 rpm and re-suspended in 20
volumes of lysis buffer (Tris-HCl 50 mM, EDTA 10 mM,
Complete EDTA-free protease inhibitor cocktail tablets
20 pills/l (Roche, Mannheim, Germany), pH 7.2 at 4 °C). Cells
were homogenized with an UltraTurrax for 2 x 15s at
14,000 rpm followed by centrifugation 1000 x g for 10 min at
4 °C. The pellet was resuspended in lysis buffer and homo-
genized once more. The homogenized cells were recentrifuged
at 1000 x g for 10 min at 4 °C. The supernatants were pooled
together and centrifuged at 70,000 x g for 30 min at 4 °C. The
membrane pellet were resupended in freezing buffer (10 mM
Tris-HCl, 1 mM EDTA, 10% sucrose), aliquoted and stored at
—80 °C. The protein concentrations were determined using a

Bio-Rad kit with lyophilized bovine plasma gamma globuline
as standard [31].

2.5.  Receptor binding assay

The radioligand binding assay was performed at room
temperature in 96-well microtiter plates (Low binding, Corn-
ing, NY, USA). The saturation binding experiments were
performed in the concentration range 0-50 nM, and 10-50 p.g
of membrane was mixed with serial dilutions of [prolyl2,4-
3,4(n)->H] Substance P (Amersham Biosciences, Buckingham-
shire, UK) or Substance P (9-SAR, 11-Met (O,)), [2-propyl-3, 4,
-*H] (Perkin-Elmer, MA, USA) in incubation buffer (50 mM Tris—
HCl, 0.1% BSA, 40mg/l bacitracin, Complete EDTA-free
protease inhibitor cocktail tablets 20 pills/l (Roche) and
3 mM MnCl,) and incubated for 30 min on a microtiter plate
shaker. In displacement binding 4 nM of *H SarMet was used.
Non-specific binding was determined in the presence of 10 .M
ZD6021 [22]. The membranes were collected by rapid filtration
on filtermats (pre-treated with 0.3% polyethyleneimine) using
a Micro96 Harvester (Molecular Devices, UT, USA). Filters were
washed by the harvester with ice-cold wash buffer (50 mM
Tris-HCl, 3 mM MnCl, pH 7.4 at 4 °C) and dried at 55 °C for 30-
60 min. Meltilex scintillator sheets were melted on to the
filters using a Microsealer (Wallac, Turku, Finland). The filters
were counted in a B-Liquid Scintillation Counter (1450
Microbeta Trilux, Wallac, Turku, Finland).

2.6.  Calcium mobilization assay

Ca?* mobilization was studied using a Fluorometric Imaging
Plate Reader, FLIPR™ or FlexStation (Molecular Devices) in
CHO cells stably expressing human, rat or gerbil NK1
receptors. Cells were seeded into black walled clear-base 96-
well plates (Costar™3904, Corning Inc., NY, USA) at a density of
35,000 cells per well in culture media and grown for
approximately 24 h in a 37 °C CO,-incubator. In FLIPR experi-
ments, the cells were incubated with the cytoplasmic Ca®*
indicator Fluo-4 (Teflabs 0152, Austin, USA) at 4 pM in loading
media (Nut Mix F12 (HAM)) with Glutamax I, 22 mM HEPES,
2.5 mM probenicid (Sigma, P-8761) and 0.04% Pluronic F-127
(Sigma P-2443) for 30 min in a 37 °C CO,-incubator. The Fluo-4-
loaded cells were then washed three times in assay buffer
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(Hanks Balanced Salt Solution, 20 mM HEPES, 2.5 mM probe-
nicid and 0.1% BSA). The plates were then placed into the
FLIPR™ to (hex = 488 nm,
dem = 540 nm) before and after the addition of antagonists
and/or agonists. Antagonists and agonists were dissolved in
assay buffer (final DMSO concentration kept below 1%) on 96-
well plates and added to the loaded cells by the automated
pipettor in the FLIPR™. Loaded cells were pre-incubated with
antagonists for approximately 2min before addition of
agonist. Ca>* mobilization responses were measured as peak
fluorescence intensity minus basal fluorescence after agonist
addition. Experiments performed on FLEX station were made
using “Calcium assay kit” (#R8033; Molecular Devices),
according to manufacturers instructions. Cells were washed
with HBSS/Hepes (20 mM, pH 7.4) and then incubated for 45—
60 min at 37 °C with 150 pl assay buffer per well: calcium assay
kit reagent dissolved in HBSS/Hepes, 2.5 mM probenecid was
included in the assay buffer. Loaded cells were pre-incubated
with antagonists for 2-15 min before addition of Substance P
(0.08 nM). Agonist was automatically added in both the FLIPR
and FLEX station setup.

monitor cell fluorescence

2.7. Gerbil foot tap

Male Mongolian gerbils (60-80g) were purchased from
Charles River (Sulzfeld, Germany). On arrival, they were
housed in groups of 10 in cages (height: 40 cm, width: 80 cm,
length: 60 cm) containing an enriched environmentincluding
hay, plastic tubes, nesting material and sand. Food and water
were available ad libitium and the cages were placed in
temperature and humidity-controlled holding rooms. The
animals were allowed at least 7 days to acclimatize to the
housing conditions before experiments. All experiments
were approved by the local animal ethical committee of
Goteborg, Sweden.

Compounds and corresponding vehicles were adminis-
tered under brief isoflourane (Forene®™) anaesthesia. Fig. 1
shows the chemical structures of the used NK;R antagonists. A
dose of 10 pmol/kg RP67580 or ZD6021 (dissolved in 28%
cyclodextrin) was administered intraperitoneally (i.p.) 30 min
prior to the experiment while 1 wmol/kg of CP99994 (dissolved
in saline) was administered subcutaneously (s.c.) 1h before
the experiment. 30-60 min later, the animals were anaesthe-
tised again (isoflourane), and a small incision was made in the
skin over bregma. 10 pmol of acetyl-[Arg®,Sar’,Met(O,)*]-SP6-
11 (ASMSP), a selective agonist for NK1 receptors, was
administered i.c.v. in a volume of 5pl using a Hamilton
syringe with a needle 4.5 mm long. The wound was clamped
shut and the animal was allowed to recover in a small plastic
cage. The cage was placed on a piece of plastic tubing filled
with water and connected to a computer via a pressure
transducer. The number of taps produced by the animal were
recorded for 6 min using customized computer software
(PharmLab on-line 4.0, AstraZeneca, Mdlndal, Sweden). The
average number of taps per minute during the middle 5 min
were calculated (thus the first and last 30 s were excluded).
Ten pico mole of ASMSP typically evoked an average of 100
taps per minute. Antagonist efficacy was expressed as %
inhibition in comparison to corresponding vehicle. After the
experiment, the animals were sacrificed under anaesthesia by
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Fig. 1 - Chemical structures of antagonists evaluated in the
present study: (A) CP99994, (B) ZD6021 and (C) RP67580.

exsanguination of the heart. The brain was removed in order
to determine levels of compound.

2.8.  Analysis of NKR antagonists

The brain was collected at the end of the experiment and
frozen on dry ice. The brain was thawed and wet weight
recorded and diluted by weight in 3 ml of water and sonicated
for 30 s and kept on ice. The analytical method for quantitative
determination of brain tissue concentration was based on
protein precipitation, HPLC separation (Agilent 1100, gradient
pump) and the compounds were detected by a tripple
quadrupole masspectrometer (Waters, Quattro LC) with
positive electrospray ionisation and MRM (Multiple Reaction
Monitoring) acquisition.

Fifty microliters of brain homogenate was precipitated
with 150 pl cold acetonitrile. The samples were centrifuged for
20 min at 4 °C and 4000 rpm. Seventy-five microliters of the
supernatant was diluted with 75 pl of 0.2% formic acid and
10 pl of the extract was injected into LC-MS system. The
compounds were separated from other components on a short
reversed phase analytical column (HyPURITY C18, 5 pm,
2.1 mm x 30 mm) with rapid gradient elution from 4 to 90%
mobile phase B in 2 min held at 90% for 1 min and returned to
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initial condition in one step. The pre-column used was Zorbax
Eclips XDB-C8, 5 pm, 2.1 mm x 12.5 mm with a mobile phase A
consisting of 0.2% formic acid and 2% acetonitrile and mobile
phase B consisting of 0.2% formic acid in acetonitrile. The
gradient was 4-90% B in 2 min, held at 90% for 1 min and
returned to initial condition in one step (flow rate 0.4-0.6 ml/
min) with a 20l loop (injection volume 5-10pl). The
quantification of the samples were performed using standard
curve fitting with linear or quadratic regression. The retention
time ranged from 1.0 to 1.9 min using flow rates of 0.6 and
1.2 ml/min, respectively.

2.9. Rhodopsin homology model

The sequences of the human NK;R were aligned to bovine
rhodopsin and a subset of rhodopsin sequences, covering
different degrees of sequence identity. The pair wise align-
ments of NK;R and rhodopsin, were extracted and adjusted
manually to optimize compatibility with structure and
frequently occurring sequence motifs amongst GPCRs. The

rhodopsin NK1 alignment was used as input for the automatic
modelling using the Whatif package [32]. The model was
evaluated using the WhatCheck module [32]. A limitation of
the Whatif modelling tool is that insertions and gaps are not
considered. In this case, however, the active site should not be
affected by this limitation.

2.10.  Data analysis

Data generated in vitro were fitted to a four parameter equation
using Excel Fit IDBS software. ICsos were determined from 10-
point concentration-response curves for each compound. The
agonist potency values are expressed as ECsp-values. The
affinity (K;) and potency (Kg)-values for antagonists were
calculated using the Cheng-Prusoff equation [33] and
expressed as pK; and pKp-values (pK; = —logK;). The affinity
of the used radioligands is expressed as Kg-values and
maximal number of receptors as Byax-values. All in vitro data
are expressed as mean =+ S.D. and all in vivo data are expressed
as mean + S.EM.
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Fig. 2 - Amino acid sequence alignments of gerbil (cloned), human (P25103), mouse (P30548), rat (P14600) and guinea pig
(P30547) NK;R. Amino acids that differ from the gerbil NK;R are shaded. Mutations performed in this study are marked with
arrows (V) and the transmembrane regions (TM1-TM7) are underlined.
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3. Results
3.1.  Primary structure of gerbil NK;R

Cloned amino acid sequence of the gerbil NK;R is shown,
including comparisons with human, mouse (m), rat and
guinea pig (gp) NK;R sequences (Fig. 2). The gNK;R has a
slightly higher degree of overall homology towards rNK;R and
mNK;R (~97%) than towards its more putative pharmacolo-
gically related species hNK;R and gpNK;R (~95%) (Table 2).
However, in the Tm regions, only three amino acid differed
between gerbil and human NK;R (one each in Tm 4-6, Table 3).
Residues 116 and 290, previously reported to be important for
evaluation of species-selective antagonist binding, were
identical in the gerbil and human sequence. Four amino acid
differed between gerbil and rat (one each in Tm 1, 2, 3 and 7),
including residues 116 and 290 (Table 3). Since the 4 amino acid
that differed between gerbil and rat NK;R were identical
between gerbil and human (Table 3), we chose to investigate
the importance of these amino acid for potency of small
molecular antagonists using site-directed mutagenesis (see
also Table 1).

3.2.  Agonist affinity and potency

Saturation binding experiments were performed in cell lines
transfected with hNK;R, rNK;R and gNK;R, respectively. The
Ka-values for 3H-SarMet SP were 2.14+0.6, n=3 and
3.1+0.7nM, n=4 at human and gNK;R while the affinity
for INK,R was 12.4 £+ 3.3 nM, n = 3. The maximal number of
receptors (Bmax) expressed in human-, gerbil- and rat CHO-
NK;R were in the range 4200-9700 fmol/mg protein, n = 3-4.
The functional potencies of SP, ASMSP, NKA and pro7NKB at
hNK;R, rNK;R and gNK;R are shown in Table 4 and the
concentration-response curves are shown in Fig. 3. The rank
order was SP > ASMSP > NKA >> pro7NKB for NK;R of rat and
human. All four agonists had comparable potency for hNK1
and rNK1 receptor. Surprisingly, all agonists (NKA in parti-
cular) were less potent at gNK;R (by 7-85 times) compared to
hNK;R and rNK;R (Table 4).

Fig. 4 shows saturation binding of *H-SarMetSP to the wild
type gNK;R and to the different mutated gNK;R. Bpax-values
differed markedly probably reflecting the variation in protein
properties caused by the introduced mutations which may
result in different NK;R expression levels. However, the
affinity of *H-SarMetSP was not affected by the different

Table 2 - Sequence homology of NK;R orthologues

Human Mouse Rat Guinea

(%) (%) (%) pig (%)
Gerbil 95 96 97 95
Human 94 94 96
Mouse 98 94
Rat 94

Guinea pig

The overall receptor homology is quite consistent among the
various species with the rat and mouse NK;R having the highest
homology.

Table 3 - Positions in transmembrane regions 1-7 of

NK;R where amino acids differ between human, gerbil
and rat

™ AA Gerbil/ Gerbil/ Human/
region pos human rat rat
T™M1 54 Met/Ile Met/Ile
T™M2 80 Ser/Cys Ser/Cys
T™M3 116 Val/Leu Val/Leu
T™M4 152 Phe/Cys Cys/Phe
TMS5 195 Ala/Val Val/Ala
TM6 266 Val/lle Ile/Val
T™7 290 Ile/Ser Ile/Ser

The performed mutations in the gerbil NK;R and the localization of
the exchanged amino acid are shown in bold. The position of the
performed gerbil to rat mutations are pos 54 (mut 1), pos 80 (mut
2), pos 116 (mut 3), pos 290 (mut 4) and the combined mutation
(mut 5=mut 1+2+3+4).

mutations (Fig. 4). Also, SP had similar potency (ECso-values) at
the wt gNK;R (0.18 + 0.13 nM) as compared to the mutated
gNK;Rs (0.17 £0.10 nM, mut 3; 0.36 + 0.22 nM, mut 4 and
0.28 +0.16 nM, mut 5, n > 4).

3.3. Antagonist affinity and potency

CP99994 and ZD6021 had similar affinities for gNK;R and
hNK;R (pK;: 9.4-9.6) while having >500-fold lower affinity for
rNK4R (pK;: 6.4-6.8) (Table 5). The potency of the antagonists
(pKg-values) corresponded with their respective affinities
but the pKj-values were in all cases higher (Table 5). In
addition, the putative rat NK;R-preferring antagonist
RP67580 had comparable affinity and potency at hNK;R
and rNK;R while being slightly less potent at gNK;R
(Table 5).

CP99994 and ZD6021 had similar potency at human, wt
gerbil NK4R (Table 6) and mutants 1 and 2 (data not shown).
Their potency decreased 10-20-fold in mutants 3 (Valll6-
Leu) and 4 (Ile290Ser) and decreased further (60-fold)
when combined mutations were introduced (Table 6). In
contrast, RP67580 had the opposite profile, manifested as
low potency for wt gNK;R followed by an increased potency
(10-fold) for mutation 3 (Valll6Leu). Mutation 4 did not
seem to affect the potency of RP67580. In the combined
mutation (mutation 5), the potency of RP67580 (pKg=7.7)
was similar to wt rat NK;R (pKg =7.3) (compare Tables 5
and 6).

Table 4 - Potency of SP, NKA, Pro7NKB and ASMSP at
stimulating NK;R-mediated increases in intracellular

Ca?* (fluorescence units) in CHO cells transfected with
human, gerbil or rat NK;R

Agonist Human NK;R Gerbil NK4R Rat NK;R
Substance P 0.03 +£0.01 0.22 +£0.14 0.03 £+ 0.02
NKA 0.06 £+ 0.02 341+1.9 0.04 +£0.03
Pro7NKB 371 £ 200 3587 + 2496 226 + 108
ASMSP 0.03 £ 0.02 0.87 + 0.60 0.06 + 0.06

Results are mean ECsp (nM) + S.D., n > 3.
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hNK;R with comparable affinity and also have similar degrees
of functional potency. Finally, we demonstrate that the gNK;R
shares key amino acid with the hNK;R that are crucial for
antagonist function and play an important in role in
explaining differences in NK;R species selectivity.

The gNK;R has high homology with the human NK;R (95%).
However, the overall homology is of the same degree between
rNK;R and hNK;R (94%). Thus, merely comparing the degrees
of overall homology does not predict potential species

Table 5 - Comparison between binding affinity (pK;) and functional potency (pKg) of NK;R antagonists

Compound Human NK;R Gerbil NK;R Rat NK4R

PKi PKs PKi PKg PKi PKs
ZD6021 9.6 +£0.2 8.6 +0.4 9.6 +£0.2 9.0+0.2 6.8 +0.1 <6
CP999%4 94+0.1 8.7+0.2 9.2+0.2 89+0.3 6.4+0.1 59+0.2
RP67580 80+0.1 7.1+04 6.6 +0.3 6.5+0.2 74+0.1 7.3+04

For determination of antagonist binding affinity to NK,R *H-SarMet SP was used as radioligand and for determination of antagonist potency,
SP-evoked increases in intracellular Ca®>* were monitored. Binding experiments were performed in membranes and in vitro function was
performed in CHO cells transfected with NK4R of different species. Results are mean pKp and pK; + S.D., n > 3.
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Table 6 - Potency values (pKg) of NK;R antagonists at inhibiting SP-evoked increases in intracellular Ca®* in cells

transfected with wild type or mutated gerbil NK;R

Compound Gerbil NK;R wt Mutation 3 (Vall16Leu) Mutation 4 (Ile290Ser) Mutation 5 (1+2 + 3 + 4)
ZD6021 8.9+0.2 7.6 £0.2 7.6 £0.1 72+02(n=2)
CP9999%4 9.0+0.1 8.0+£0.3 7.7+£0.2 7.2+0.1

RP67580 6.3 +0.6 74+07 6.5+0.7 7.7+£04

Results are mean pKg + S.D., n > 3 unless indicated otherwise.

Table 7 - Inhibitory effect of CP99994, ZD6021 and
RP67580 on ASMSP-evoked GFT response

Compound Dose Inhibition Brain levels
(nmol/kg) (%) (nmol/kg w.w.)
ZD6021 10 (i.p.) 69 + 11 85+8
CP99994 1 (s.c) 6245 508 + 40
RP67580 10 (i.p.) 15+ 19 148 + 4

Results are mean + S.E.M., n = 3-6.

differences in pharmacology. Tm regions are often targets for
small molecule antagonists [34]. Three amino acid in the Tm
regions (residues 152, 195 and 266) differed between gNK;R
and hNK;R. These residues are not likely to play a major role in
antagonist function since the potency and affinity of the
antagonists evaluated at hNK;R and gNK;R were the same
between species. Discrepancies in affinity and potency values
may relate to the different methods used, the Ca** assay
includes a short incubation of SP in order to capture the intra
cellular mobilization of Ca** while the binding assay relates to
an equilibrium situation.

Four amino acids in the Tm regions differed between gNK;R
and rNK;R. The fact that two of these residues were 116 and
290 (identical between gNK;R and hNK;R) is of interest since it
has previously been elegantly shown that these NK;R residues
play a key role in regard to species selectivity of antagonist
binding [15,17,18,19,35]. The present study demonstrates that
these residues not only play a key role for antagonist binding,
but also for antagonist function at the gNK;R since the

antagonists CP99994 and ZD6021 had similar affinity and
potency for the wild-type receptor while the potency of the
antagonists decreased markedly when mutations were intro-
duced at positions 116 and 290. Mutations at positions 54 and
80, residues identical between human and gerbil but differ in
rat, had no effect on antagonist potency, suggesting that these
residues play a minimal role for antagonist function and
binding. None of the mutations introduced in gNK;R affected
the affinity or potency of substance P indicating that these
substitutions do not cause large-scale distortion of the
receptor conformation. Other residues have been implicated
in the binding of small molecule antagonists to NK1 receptors
such as His-165, His-197, His-265, Phe-268 and Tyr-287 [35-37].
These residues appear to be highly conserved among species,
including gerbils, and hence do not explain species-related
differences in antagonist pharmacology.

The suggested binding site in the NK;R used by the
compounds is illustrated in the rhodopsin homology model
(Figs. 5 and 6) [32]. It is noteworthy that residues 54 and 80 are
distant from the center of the antagonist binding pocket, while
positions 116 and 290 are much closer, making interactions
between receptor and antagonist more likely.

Residue 116 consists of the hydrophobic amino acid valine
in the human/gerbil NK;R sequence. Replacing valine in the
gNK;R with the rathomologleucine, also a hydrophobic amino
acid, markedly decreased the potency of CP99994 and ZD6021
(10- and 20-fold, respectively). This conservative substitution
in the hNK;R has been shown to cause decreased antagonist
affinity depending on the compound examined [15,18,19]. The

Fig. 5 - Chemical structures docked into the ligand-supported rhodopsin NK;R homology model. The site specific mutation
sites (Met54lle, Ser80Cys, Vall16Leu and Ile290Ser) are shown in green. Position 116 and 290 cover the site where the
antagonists bind. Position 54 and 80 are by far more distant from the binding site. The three NK;R antagonists ZD6021,
RP67580 and CP99994 are shown in the active binding site. Tm region are indicated. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of the article.)
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Fig. 6 — Interactions of CP99994 in the ligand supported
postulated NK;R ligand interaction model. CP99994 is
shown together with the putative binding sites recognized
in the homology model (Fig. 5, see also [34]). In mutation 3,
Val116 was mutated to Leu116. In mutation 4 I1e290 was
exchanged with Ser290. The mutated amino acids are
indicated in red and connecting amino acid are in blue.
(For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of the
article.)

affinity of CP99994 appears to be affected by this mutation at
site 116 in the hNK;4R [19], which is in line with our data when
introducing the same mutation in the gNK;R. This conserva-
tive mutation results in small changes in the physicochemical
properties of the side chain and might induce a slight
modification in receptor conformation of the binding site,
also discussed by [19]. Multiple mutational data have been
used to characterize the amino acid residues essential for
binding of CP99994, which are high lighted in Fig. 6 [35,38-45].

Mutating Val-116 to Leu-116 does not alter the hydro-
phobicity between Ile-211 and His-269. However, sterical
hindrance may occur with the larger amino acid Leu-116 is
present, and thereby affect binding and potency of NK;R
antagonists. The present study also demonstrates that the
importance of residue 116 is extended to the structurally
different NK,R antagonist ZD6021.

Residue 290 consists of the hydrophobic amino acid Ile in
the gerbil/human NK;R sequences, while rat residue 290
contains the smaller hydrophilic amino acid serine. Thus the
mutation Ile290Ser produces more drastic changes in the
physicochemical nature of this residue. Indeed, this muta-
tion in the hNK;R causes large decreases in affinity for
human-preferring NK;R antagonists [15,16,18,19]. In the
current study, this mutation in the gNK;R reduced the
potency of CP99994 and ZD6021 by 20-fold. The results with

CP9999%4 are in agreement with a previous report which
introduced the same mutation in the hNK;R [19]. Residue 290
is close to Glu-200 and His-204, both being hydrophilic
charged amino acids (Fig. 6). The Ile290Ser mutation may
induce tilting of the TM7 helix and thereby create new
hydrogen bonding which most certainly affects binding and
potency of NK;R antagonists.

When mutations were introduced in all Tm residues
differing between rat and gerbil (positions 54, 80, 116 and
290) the potency of CP99994 and ZD6021 was lower (60-fold)
than when single mutations were introduced in positions 116
or 290 (10-20-fold). Despite replacing the four residues with rat
homologs, the potency was still higher than at wild-type
rNK;R. Thus, it cannot be excluded that additional residues
may contribute in determining the species difference between
rat and gerbil.

The current study also shows that RP67580 binds human
and rat NK;R to a similar degree, while having a slightly lower
affinity for gNK;R. Previous reports show that RP67580 does
not fully stretch into the gerbil/human NK;R binding pocket
and therefore species differences are not as prominent
[35,46,47]. These results are contradictory to others who have
reported that RP67580 has a 5-fold [15,19] higher affinity for the
rNK;R than for the hNK;R. Our data suggest that RP67580 has
approximately equal affinity and functional potency at human
and rat NK;R and should therefore not be regarded as a rat-
preferring or rat-selective NK;R antagonist.

The in vitro pharmacology of the gNK;R was also confirmed
in vivo by monitoring gerbil foot tap (GFT) responses. CP99994
and ZD6021 inhibited ASMSP-evoked GFT to a similar degree at
the doses indicated. RP67580 had no significant inhibitory
effect despite being present in the brain at similar levels as
ZD6021. This is most likely explained by the weak potency at
gNK; R described in the in vitro studies. Our results with
RP67580 are in agreement with [24].

The current study mainly addresses sequence differences in
the Tm regions, although differences between gNK;R and
rNK;R, as well as hNK;R, were found in other regions of the
NK;R. These regions are not generally considered to be
important for NK;R antagonist function. However, they may
play an important role in agonist binding and G-protein
coupling. Indeed, the agonists used in the current study had
lower potency at gNK;R which may be due to amino acid
differences in these regions. Huang et al. [37] indicated that
residues 85, 89, 96 and 287 are required for high affinity binding
of tachykinins. These residues are conserved between human,
rat and gerbil, thus not explaining the discrepancy in agonist
potency demonstrated in the present study. The lower potency
at the gNK;R may reflect a less efficient coupling to G-proteins
since affinity values for SarMet SP were similar between gNK;R
and hNK;R. Huang et al. [37] also identified residues 78 and 205
asimportant for the receptor activation process. These residues
were also found to be conserved between species.

In conclusion, gNK;R has high homology with hNK;R and
shares key residues (116 and 290) important not only for
binding but also for functional activity of the potent human/
gerbil-preferring NK;R antagonists ZD6021 and CP99994. By
contrast, the less-active antagonist RP67580 does not dis-
criminate between NK;R of the different species. Thus, the
results from the current study lend further support to the use
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of gerbils as an animal species to characterize the pharmacol-
ogy of NK;R antagonists.

Moreover, the present findings reveal that the classification
of NK;R into the two sub-families, human/gerbil and rat is
related to rather subtle differences in amino acid residues in
the binding site. Hence, species differences are to a great
extent dictated by antagonist binding regions and structure
and to a lesser extent by the sequence difference in the
receptor itself.
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