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SUMMARY

Functional cDNA clones for hamster neurokinin-2 receptor (NK-
2R) were isolated from hamster urinary bladder using a poly-
merase chain reaction-based . The hamster NK-2R
consists of 384 amino acids with a relative molecular weight of
43,418. Hamster NK-2R shares significant amino acid sequence
homology with other tachykinin receptors, particularly with rat,
bovine, and human NK-2R (94.3, 84.4, and 86.5%, respectively).
To examine the pharmacology of cloned hamster NK-2R, we
transfected mouse erythroleukemia cells with this receptor, pre-
pared high speed membranes, and studied the receptor proper-
ties utilizing the ligand [4,5-*H-Leu®]NKA in a receptor-binding
assay. For pharmacological comparison, we also transfected the
human NK-2R into mouse erythroleukemia cells. [PHJNKA bound
to hamster NK-2R receptor in a protein-dependent, high affinity
(Ksn = 4.14 £ 0.31 nwm), saturable (Bmex = 679 + 26 fmol/mg of
protein), and highly specific manner (89 £ 2%). A smaller popu-
lation (10% density) of lower affinity receptors (K» = 150 + 92

nm), was also observed in competition experiments. [*H]NKA
bound to the human receptor with significantly higher affinity and
overall greater receptor density (K;y = 0.37 £ 0.11 nM, Bren =
234 + 175 fmol/mg of protein; Koz = 9.0 + 2 nM, Bree = 1989
+ 990 fmol/mg of protein). [°H]JNKA binding to both hamster and
human receptors was enhanced greatly by divalent cations,
whereas GTP analogs weakly inhibited binding to hamster re-
ceptor, but potently inhibited binding to the human
Competition experiments with demonstrated binding to
high and low affinity states of NK-2 receptors, with identical order
of potency in hamster or human NK-2R; NKA > [Nie'']NKA(4-
10)>[ﬁ-Ala']NKA(4—10)»substanceP»Senkﬁde However,
remarkable differences were observed in studies with selective
NK-2 antagonists (hamster, SR48,968 > L659,877 > R396 >»
MEN10,376 versus human, SR48,968 > MEN10,376 >
L659,877 > R396). The rank order of antagonist affinity is
consistent with the observation of NK-2 receptor pharmacology
in the native tissues.

NKA, a decapeptide that belongs to a class of biologically
active peptides known as tachykinins (1), has been shown to
be widely distributed in the central nervous system as well as
in peripheral organs and tissues, where it binds to the NK-2
receptors, causing contraction of airway, vascular, and nonvas-
cular smooth muscle (2-5).

After the cloning and characterization of the bovine NK-2
receptor (6), several groups have cloned the NK-2 receptor
from rat and human and expressed them in functionally active
forms in various cell types (7-10). These studies have demon-
strated that NK-2 receptors possess seven putative transmem-
brane domains, suggesting that they are coupled to G proteins,
and they provided understanding, at the molecular level, of the
differences between NK-1, NK-2, and NK-3 tachykinin recep-
tors.

More recently, chimeric receptors have been constructed to
delineate the critical binding domains that distinguish agonist
selectivity for binding and activation of NK-1 versus NK-2

receptors (11). Mutagenesis experiments have been conducted
to determine the specific sites of agonist and antagonist binding
in the human NK-1 receptor (12). Additional site-directed
mutagenesis studies have identified some critical residues
within the NK-1 receptor that are involved in antagonist bind-
ing, and also residues that may contribute to the species selec-
tivity between human and rat NK-1 receptors of specific non-
peptide antagonists (13, 14).

However, none of the former studies investigated the species
differences between NK-2 receptors. Recent studies by Maggi
et al. (15, 16) using peptide antagonists suggested the existence
of NK-2A and NK-2B receptor “subtypes.” Based on these
studies, they classified NK-2 receptors in guinea pig and rabbit
vascular and airway smooth muscles as NK-2A, and receptors
in hamster urinary bladder and trachea were classified as NK-
2B. We have demonstrated recently that the cloned human
NK-2 receptor expressed in insect Sf-21 cells infected with
recombinant baculovirus displays pharmacological selectivity

ABBREVIATIONS: NK, neurokinin; PCR, polymerase chain reaction; RACE, rapid amplification of cONA ends; GAPDH, glyceraidehyde 3-phosphate

dehydrogenase; LCR, locus control region; DMSO, dimethyisulfoxide; HEPES, 4-2-hydroxyethyl)-1-piperazineethane-sulfonic acid; BSA, bovine
serum albumin; HPLC, high performance liquid chromatography; TMS, transmembrane segment.
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compatible with guinea pig or rabbit NK-2 receptors and dis-
similar to the hamster (17).

Moreover, utilizing the ligand [4,5-°H-Leu®]NKA and highly
selective NK-2 receptor antagonists in receptor ligand binding
assays, we provided further evidence that NK-2 receptors in
hamster urinary bladder display pharmacological heterogeneity
relative to human or guinea pig (18). In the present report we
describe the isolation, expression, and pharmacological char-
acterization of the NK-2 receptor cDNA from hamster urinary
bladder. We also provide evidence, based on antagonist binding
properties, that the hamster receptor is distinct from human
and bovine NK-2 receptors and that the pharmacological dif-
ferences are likely caused by different amino acids between the
receptors from the species.

Materials and Methods

Isolation and characterization of cDNA. Total RNA was iso-
lated (19) from freshly excised Syrian Golden hamster tissues. PCR-
based methods (RACE-PCR) (20, 21) were used to isolate the 5’- and
3’-ends of the hamster NK-2 receptor cDNA as outlined in Fig. 1. The
3’-end was obtained as follows. First-strand cDNA was synthesized
(cDNA kit, Boehringer Corp., Ltd., Indianapolis, IN) from 5 ug of
hamster urinary bladder total RNA using the 58-mer R1R2(dT)17
primer (25 pmol) 5'd(AAGGATCCGTCGACATCGATAATACG-
ACTCACTATAAGGGA (T)17). A primary PCR reaction was per-
formed using one amplimer derived from the 5’-end of the RACE 58
mer, R1 = 5’d(AAGGATCCGTCGACATCGATAAT), and a gene-

5’ untransiated Coding sequence

specificamplimer, GSA1=5'd(ACGGTGACCAACTACTTCA-
TCGTC), which was derived from a consensus sequence in the second
TMS of rat and bovine NK-2 receptor (6, 10).

PCR (22) was performed at 65° for 2 min, 72° for 2 min, and 92°
for 2 min for 33 cycles using a Techne PHC-1 thermal cycler and
Tag polymerase (Amplitaq) using conditions described by the manu-
facturers (Perkin-Elmer, Norwalk, CT). The products of this pri-
mary reaction (0.1%) were used for a secondary PCR with nested
amplimers. One amplimer was a nested RACE amplimer, R2 =
5'd(GATAATACGACTCACTATAAGGGA), and the other was a
nested gene-specific amplimer, GSA2 = 5'd(TGCTGGCATCTGGC-
TGGTGGCCCTGGC), which was chosen from a region in the fourth
TMS. This region is identical between rat and bovine NK-2 receptor,
but is quite different (especially at the 3’-end of the amplimer) in rat
SP (NK-1) receptor and rat neuromedin K (NK-3) receptor. Secondary
products were Southern blotted and hybridized to a human NK-2
receptor probe that had been labeled with [?P]JdCTP using a random
primer labeling kit (Boehringer). A 1200-bp product was identified
and directly sequenced on both strands using **P-end-labeled oligo-
nucleotides and Sequenase (United States Biochem. Corp., LaJolla,
CA) (23). The 5’-end was obtained by similar methods. First-strand
c¢DNA was synthesized from 5 ug of hamster urinary bladder total RNA
using a hamster gene-specific amplimer, HubGSA1 (25 pmol) =
5'd(CCAGGGGCAGCACCGGAAAGCAAG), and the products were
purified by spin dialysis (Centricon 100, Amicon Corp., Beverly, MA).
The cDNA was tailed at its 3’-end with A’s using terminal transferase
(GIBCO BRL, Gaithersburg, MD), and second-strand cDNA was syn-
thesized with the RACE 58-mer R1R2(dT)17 using Taq polymerase.
Primary PCR was performed using the RACE outer amplimer (R1)
and HubGSA2 = 5’d(AACACCACCAGAACCATGGCCTTC). 0.1% of
the primary products was used for secondary PCR with the nested

3’ untranslated

1
—{T )

Rat NK-2 receptor
390

Bovine NK—2 receptor

1 384
dT R2 R1 Stage  Sequence
cDNA synthesis
bGSA 1 R1
| — Primary PCR 1 3’ end RACE
r/bGSA2 R2
probed with RNK—2R PCR product - Secondary PCR
R1 R2 dT hubGSA 1
- cDNA synthesis
R1 hubGSA2
- - Primary PCR 2 5 end RACE
R2 hubGSA3
probed with hNK—2R PCR product Secondary PCR
Hamster urlnoi bladder NK—-2 rocoiior
cDNA synthesis
! 384 5 Full length
hubFL 1 hubFL2 PCR cDNA

Fig. 1. Isolation of hamster NK-2 receptor cDNA. Schematic diagram of rat and bovine NK-2 receptor clones and the stages used to isolate hamster
NK-2 receptor CONA. The priming locations for oligonucieotides used in this study are shown, arrowheads indicate 3'-ends and wavy lines indicate
non-NK-2 receptor sequences added for cloning. GSA, gene specific amplimer; b, bovine sequence, r/b, rat and bovine; hub, hamster urinary
bladder. The 5'- and the 3’-end RACE products were obtained using nested amplimers (see Materials and Methods). Full length cDNA was then

ampilified and cloned into pMAMneoBlue.

2102 ‘2 Jaqwiadaq uo Alisianiun pesewwey ] Je Bio'sjeuinohadse wreydjow wolj papeojumoq


http://molpharm.aspetjournals.org/

aspet

RACE amplimer (R2) and a nested HubGSA3 = 5'd(GCCAAAG-
TACCAGATGTTGTG). A product of 700 bp was identified by hybrid-
ization with human NK-2 receptor cDNA probe and was directly
sequenced on both strands. The sequences of the 5’- and 3’-RACE-
PCR products overlapped.

Full length cDNA was obtained by using hamster amplimers
HubFL1 = 5'd(GCGATATCTGTGTTCCTGGCCCAGAATCGGC)
and HubFL2 =5'd(CCGTCTAGAATGGAGTGTGGGACAAGCT-
ATTAC), which are 25 bp upstream of the ATG initiation codon and
91 bp downstream of the stop codon, respectively. These contained
EcoRV and Xbal restriction sites at their 5’-ends, respectively. First-
strand cDNA was synthesized from hamster urinary bladder RNA
using oligo(dT) as primer, and then PCR was performed. The correct
size PCR product (1287 bp) was obtained and directly sequenced on
both strands. This product was then cloned unidirectionally into
PMAMneoBLUE (CLONTECH, Palo Alto, CA). Four recombinants
were sequenced totally using [*S]aATP and Sequenase, and three were
found to contain no PCR errors.

Functional expression of hamster NK-2 receptor. nRNA was
transcribed in vitro using T'7 polymerase from a pMAMneoBlue-ham-
ster NK-2 receptor clone that had been linearized by digestion with
Sall and then with Xbal. An in vitro transcription kit (Promega,
Madison, WI) was used, and the mRNA was capped with M7GpppG
(Boehringer). The synthesized mRNA (approximately 5 ng of mRNA/
oocyte) was microinjected into Xenopus oocytes.

Electrophysiological recordings were made at least 24 hr after injec-
tion, using standard two-electrode voltage clamp techniques (24) with
a holding clamp potential of =60 mV and stepping by £20 mV.

Tissue expression of hamster NK-2 receptor. RNA-PCR was
performed on total RNA prepared from hamster urinary bladder,
kidney, lung, and trachea. Total RNA was electrophoresed on formal-
dehyde agarose gels and visualized by ethidium bromide staining. Each
RNA contained intact rRNA, and equivalent amounts of RNA, based
on the ethidium bromide staining, were used for cDNA synthesis. First
strand cDNA was synthesized with oligo(dT) as primer. The hamster
NK-2 receptor amplimers were 5°d(CTGAGCCTAACTCATTTCTG-
CTGG) and 5’d(TCACTTTGCAGCTCCTAGATTGGC). The primers
are predicted to amplify a 1578-bp DNA fragment. The hamster
GAPDH amplimers were 5'd(ATGGTGAAGGTCGGCGTGAACGGA)
and 5’d(CTCCTTGGAGGCCATGTAGGCCAT), which are predicted
to amplify a 999-bp DNA fragment. PCR was performed at 63° for 2
min, 72° for 2 min, and 93° for 2 min for 20, 25, 30, 35, and 40 cycles.
Aliquots of each reaction were subjected to electrophoresis on a 1%
agarose gel, and DNA was visualized by ethidium bromide staining.
NK-2 receptor was also detected by Southern blot hybridization using
a 3?P-labeled hamster NK-2 receptor cDNA probe.

Expression of human and hamster NK-2 receptors in the
LCR/MEL cell system. Heterologous expression in the LCR/MEL
cell system was performed essentially as described previously (25).
Briefly, human NK-2 receptor cDNA (9) was digested with Eco0109
and BamHI, and an adaptor containing a HindIII site was ligated to
the Eco0109 site and cloned into the MEL cell shuttle vector, pMEG3.
The entire Clal-Asp718 cassette (containing the human S-globin pro-
moter, part of 8-globin exon 2, the second intron, third exon, poly(A)
recognition site, 3’ 8-globin-flanking DNA, and including the entire
cDNA for human NK-2 receptor) was subcloned into the human globin
LCR microlocus plasmid, pGSE1417 (26). A similar procedure was used
to subclone the entire hamster NK-2 receptor from pMAMneoBLUE
as an EcoRI-Sall fragment, and recombinant vectors were used for
transfection of MEL-C88 cells.

Transfection into MEL-C88 cell line was performed by electropora-
tion, and directly after transfection, cells were diluted in culture me-
dium to 10* to 10° cells/ml, and 1-ml aliquots were transferred to each
well of a 24-well plate. G418 (GIBCO-BRL) was added to a concentra-
tion of 1 mg/ml 24 hr after the transfection to select for stable
transfectants. Individual clones were picked 7 to 10 days after the
addition of selective medium. For expression studies, cells were main-
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tained in exponential growth for a period of 4 days, and then DMSO
was added to a final concentration of 2% (v/v) to induce differentiation
and hence expression. Samples were taken 96 hr after induction for
NKA binding assays and for mRNA and protein analysis. The trans-
fectant with the highest expression levels was grown and induced at 5-
liter scale for pharmacological characterization.

Membrane preparation. Membranes from recombinant MEL cells
were prepared as follows. Briefly, cells were homogenized at 4° (Brink-
man PT-20 Polytron, setting 3, with one 15-sec burst on ice) in a buffer
consisting of 50 mM Tris-HCI (pH 7.4), 5§ mM KCl, 120 mm NaCl, 10
mM EDTA, and containing several protease inhibitors (1 mM phenyl-
methylsulfonyl fluoride; 0.1 mg/ml of soybean trypsin inhibitor, and 1
mM iodoacetamide). The homogenate was centrifuged at 1,200 X g for
10 min at 4° to remove cell debris. The supernatant was centrifuged at
48,000 X g for 45 min at 4°. The pellet was resuspended with a glass-
Teflon motorized homogenizer in 30 volumes of ice-cold 50 mM Tris-
HCI (pH 7.4) buffer. The suspension was centrifuged at 48,000 X g for
30 min at 4° and then was resuspended to a concentration of 1 to 3 mg
of protein/ml (n = 3) in assay buffer (20 mM HEPES, pH 7.4, contain-
ing 0.02% BSA, 0.1 mM thiorphan, 0.3 mM dithiothreitol, 30 mM KCl,
3 mMm MgCl,), and was flash frozen in liquid nitrogen. Samples were
stored at —70° until ready for use. No deterioration of receptor binding
activity (as evident by consistent Ky or B,.. values) was observed for
periods up to 3 to 4 months.

[*H]NKA binding assays. Incubations were carried out in assay
buffer containing membranes, tested competitors, and [*H)NKA (1.0-
1.5 nM). In competition experiments, mixtures (0.315 ml) containing
various concentrations of competing agents (agonists, antagonists, or
vehicle) were incubated at 25° for 30 min, with or without 1 uM NKA
(to define nonspecific binding). Reactions were initiated by adding
membranes (0.1-0.15 mg of protein/ml final concentration). Separation
of receptor-bound from free ligand was accomplished by dilution with
1 ml of wash buffer (20 mM Tris-HCIl, pH 7.5) followed immediately
by vacuum filtration with a total volume of 10 ml of the wash buffer
(utilizing a Brandel Cell Harvester MB-48R with Whatman GF/B
filters that were presoaked in 0.1% polyethylenimine).

In saturation-kinetics experiments, incubation conditions were iden-
tical to the competition experiments except that the concentration of
[*H]NKA varied from 0.05 to 6 nM. Kinetic experiments were also
identical to the competition experiments except for the time and ligand,
which were varied as indicated in the text.

Data analysis. Computation of equilibrium binding constants (K4
and K;), receptor density (Bna), and kinetic rate constants (Ko, tu,
k_, and k,), as well as statistical analysis, were carried out as published
previously (17) using GraphPad “InPlot” software (GraphPad Soft-
ware, San Diego, CA). In addition, to test the possibility that the ligand
binds to two receptor populations or subtypes, all equilibrium satura-
tion data were also analyzed with AccuFit Saturation-Two Site software
(27), based on the computation methods for ligand binding developed
by Feldman (28). The differences between various binding models were
tested with ANOVA, and changes were considered significant when p
< 0.05.

Statistics. Differences between treated groups were compared to
controls (GraphPad “Instat” software), and changes were considered
significant when p < 0.05 using Student’s paired ¢ test.

Materials. The synthesis and chemical and pharmacological vali-
dation of [4,5-*'H-Leu®)NKA ([*H)NKA: specific activity 137 Ci/mmol)
has been described (18). This ligand, NKA, tachykinins, tachykinin
analogs, all other peptide hormones, and NKA antagonists (L659,877,
R396, and MEN10,376) were purchased from Cambridge Research
Biochemicals, (Cheshire, UK) and were >95% pure by HPLC analysis.
Thiorphan, SR48,968, and (+)CP96,345, were supplied by the Medici-
nal Chemistry Department, ZENECA Pharmaceuticals Group (Wil-
mington, DE). Gpp(NH)p and GTP(v)S were purchased from Boeh-
ringer. All the nonpeptide hormones and all other chemicals were
purchased from Sigma Chemical Co. (St. Louis, MO). NKA was dis-
solved in assay buffer. All drugs and chemicals were dissolved in HPLC
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grade DMSO or methanol. Final solvent concentration in the assay did
not exceed 0.5% (v/v).

Results

Isolation of hamster NK-2 receptor cDNA. The scheme
used to isolate the 5’- and 3’-ends of the hamster NK-2 receptor
by PCR-based methods is shown in Fig. 1. These were DNA
sequenced on both strands, and the sequences overlapped. The
5’-RACE-PCR product was from position (—)293 to 770, and
the 3’-RACE product was from 482 to 1560 (Fig. 2). Once the
5’- and 3’-ends had been identified, the complete cDNA was
isolated by PCR using amplimers 25 bp upstream of the ATG
initiation codon and 91 bp downstream of the stop codon. Full

length products from both a 30 and 40 cycle hamster urinary
bladder PCR have been sequenced directly, and a 40-cycle
product has been sequenced directly from two separate cDNA
synthesis reactions. The sequence obtained agreed completely
with the sequence from the overlapping 5’- and 3’-RACE
product, and analysis has shown that the sequence is hetero-
zygous at amino acid positions 144 (TCA or TCG; Ser) and at
position 253 (GTT or GTA; Val). We have cloned and se-
quenced the PCR product and used a clone that is identical to
that obtained from direct sequencing for further characteriza-
tion.

The hamster NK-2 receptor consists of 384 amino acids with
a relative molecular weight of 43,418 (Fig. 2). This protein
shares a significant sequence similarity with other seven-helix

TGACTGTGGTGTGAAGGAGOGGAACCAGOGTGCTATCTATCAGGATGOCTCCT -241

GCTCTGAGATTGATTACTCCATCTCCACAAGATGGTTGAATGGTCTGACTGGAAGCCTGTTTTCTGCTGAGCCTAACTCATTTCTGCTGGAGCTGTAGGTGTGGCCCCCTGGCTACACGT ~121

GTCTGCTTGTAAATTGTCCTCACTCCCATATATCTTCACACACCAAAGAGGACT TCTCTTCTGTAGCAATTCTAGAAAGAACTGCAGGCCAGACCCTGTGTTCCTGGCCCAGAATOGGCC =1
1 *

MetGlyGlyArgAlaIleValThrAspThrAsnIlePheSerGlyLeuGluSerAsnThrThrGlyValThrAlaPheSerMetProAlaTrpGlnLeuAlaLeuTrpAlaThrAlaTyr 40

ATGGAGGGCOGTGCCATTGTCACTGACACCAACATCTTTTCTGGCCTOGAGAGCAACACCACTGGTGTCACCGCCTTCTCCATGCCTGCCTGGCAGCTGGCACTGTGGGCCACAGCCTAC 120

I II
LeuGlyLeuValLeuValAlaValThrGlyAsnAlaThrValIleTrpIleIleLeuAlaHisGluArgMetArgThrValThrAsnTyrPheIleIleAsnLeuAlaLeuAlaAspleu 80
CTGGATCTGGTGCTGATOGCTGTAACAGGCAACGCCACAGTCATCTGGATCATTCTGGCCCA S GAGAGAATGOGCACAGT CACCAACTATTTCATCATCAACCTGGCCTTGGCAGACCTC 240

IIX
CysMetAlaAlaPheAsnAlaThrPheAsnPheValTyrAlaSerHisAsnIleTrpTyrPheGlyArgAlaPheCysTyrPheGlnAsnLeuPheProIleThrAlaMetPheValSer 120
TGCATGGCAGCCTTCAATGCCACCTTCAACTTTGTCTACGCCAGTCACAACATCTGGTACT TTGGCOGCGCCTTCTGCTATTTCCAGAACCTCTTTCCCATCACAGCCATGTTOGTCAGC 360

Iv—

IleTyrSerMetThrAlalleAlaAlaAspArgTyrMetAlaIleValHisProPheGlnProArgleuSerAlaProIleThrlysAlaThrileAlaGlyIleTrpleuvValAlaleu 160
ATCTACTCCATGACTGCCATCGCTGCCOGACAGGTACATGGCCATCGTCCACCCCTTCCAGCCAOGGCTCTCAGCCCCCATCACCAMGGCGACTATOGOGGGCATCTGGCTGGTAGCTCTG 480

AlaLeuAlaSerProGlnCysPheTyrSerThrileThrValAspGlnGlyAlaThrLysCysValValAlaTrpProAsnAspAsnGlyGlyLysMetLeuLeuLeuTyrHisLeuvVal 200
GCTCTGGCCTCCCCACAGTGCTTCTACTCCACCATCACTGTGGACCAGGGAGCCACCAAGTGTGTGGTGGCCTGGCCTAATGACAACGGAGGCAAGATGCTCCTTCTGTATCATCTGGTG 600
v
ValPheValleuValTyrPheLeuProLeuValValMetPheValAlaTyrSerVallleGlyLeuThrLeuTrpLysArgAlaValProArgHisGlnAlaHisGlyAlaAsnleuArg 240
GTTTTTGTCCTOGTCTACT TCCTACCCCT TG TGGTGATGTTOGTGGCTTACAGTGTCATCGGC CTCACTCTGTGGAAACGCOGOGATCCCCAGACACCAGGCTCACGGTGCCAACCTGOGC 720
i
HisLeuHisAlaLysLysLysPheValLysAlaMetValLeuValValLeuThrPheAlaIleCysTrpLeuProTyrHisLeuTyrPhelleLeuGlySerPheGlnLysAspIleTyr 280
CATCTGCATGCCAAGAAGAAGTTTGTGAAGGCCATGG TTCTGGTGGTGTTGACATTTGCCATTTGCTGGCTGCCCTACCACCTCTACTTCATCCTGGGTAGCTTCCAGAAGGACATCTAC 840
VII
TyrArgLlysPheIleGlnGlnValTyrLeuAlaLeuPheTrpLeuAlaMetSerSerThrMetTyrAsnProllelleTyrCysCysLeuAsnHisArgPheArgSerGlyPheArgleu 320
TACOGCAAGTTCATCCAGCAGGTCTACCTGGOGCTCTTCTGGCTAGCCATGAGCTCCACCATGTACAATCCCATCATTTACTGCTGCCTCAACCACAGGTTTOGCTCTGGATTCAGGCTT 960

AlaPheArgCysCysProTrpValThrProThrGluGluAspArgleuGluLeuThrArgThrProSerLeuSerArgArgValAsnArgCysHisThrLysGluThrLeuPheMetThr 360
GCTTTCOGGTGCTGCCCCTGGGTGACGCCCACTGAGGAAGACAGACTGGAGCTGACTOGCACTCCATCCCTCTCCAGGAGAGTCAACAGGTGTCACACAAAAGAGACTTTGTTCATGACT 1080

AlaAspMetThrHisSerGluAlaThrAsnGlyGlnValGlySerProGlnAspValGluProAlaAlaPro***
GOGGACATGACCCACTCTGAGGCTACCAATGGCCAGGTTGGGAGTCCCCAMGATGTGGAGCCTGCOGCACCCTGAAGTCTTGAGACTGTCTGCAGGGCCAGGCTTAGTCCCTTIGAGAAA 1200

CAGCTGATAGAAAGGCCTGATGTAATAGCTTGTCCCACACTCCATTCTTCAACCACCAATAGAAAAACAAGATGGTGCCTGGAGCTCCACAGGCAATGCTAATACAANGAGCTCACATA 1320
CCCACCATAAGCATTCCTGGGATGGAGGAAAGAGCCAGGAAGACAGGGAGCCANCACTTGGCCAATCTAGGAGCTGCAAAGTGAATGTCTCCCTGCAGTATAAAGATGGATGGGAAAAC 1440

TGGATCTCATTAAAGATAACTGCAGGTGTCATGAGAAGAGGCAGTTGAAGGGATGATGAGATGGTAAAGGCACTTGCTGCCTAGCCTGGTGACCTGAGTTCAATTCCTTAGCCTACATGG 1560

Fig. 2. Nucleotide sequence of the hamster NK-2 receptor cDNA. The DNA sequence of the hamster urinary bladder NK-2 receptor gene and the
deduced amino acid sequence, with the initiator methionine, is shown. The nucleotide residues are numbered with respect to the cDNA
sequence with the A of the initiator methionine numbered as 1, and nucleotides on the 5’-side of nucleotide 1 being indicated by negative numbers.
A postulated N-glycosylation site is indicated by an asterisk. Positions of the putative TMS I-Vil of NK-2R are indicated above the amino acid
sequence.
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G protein-coupled receptors and, in particular, is highly ho-
mologous to the rat, bovine, and human NK-2 receptors (6, 9,
10) (94.3, 84.4, and 86.5%, respectively) particularly in the
seven TMSs (Fig. 3). Significant variability occurs in the 5'-
and 3’-regions of the coding sequences. Human and bovine
receptors have two potential N-glycosylation sites at Asn resi-
dues 11 and 19 of the predicted proteins; however, hamster
receptor has a single site at residue 19. The third cytoplasmic
loop and the cytoplasmic C-terminal tail have several serine
and threonine residues. These residues have the potential to be
phosphorylated by serine/threonine protein kinases, thus sug-
gesting that receptor function is regulated by protein kinases.

Electrophysiological characterization of hamster NK-
2 receptor. Hamster NK-2R mRNA was transcribed in vitro
from the pMAMneoBLUE construct, and this RNA was mi-
croinjected into Xenopus oocytes. Forty-eight hr after injection,
the oocytes were used for electrophysiological measurement,
and the hamster NK-2 receptor-injected oocytes showed
marked increases in membrane conductance to applications of
NKA peptide at 107 to 10™® M (140 and 220 nA, respectively
at 10~ and 107 M NKA) (data not shown). Water-injected
oocytes were used as controls, and the peptides were applied at
the same concentrations as for hamster NK-2 receptor-injected
oocytes. No responses were observed, even at 10~ M NKA.
These results confirm that the hamster NK-2 receptor sequence
described here encodes a functional NKA receptor.

Tissue expression of hamster NK-2 receptor. The
RNA-PCR technique was used to compare NK-2 receptor
mRNA levels in hamster tissues. A product of the expected size
(1578 bp) was visible and was most intense in urinary bladder
(Fig. 4). Because of the faint signals with ethidium bromide,
the gels were Southern blot hybridized with *?P-labeled hamster
NK-2 receptor cDNA probe. The results show that all four
tissues examined express NK-2 receptors, and that urinary
bladder has the highest, and kidney the lowest, levels of recep-
tor. PCR was also performed using primers recognizing hamster
GAPDH (29) as a control to demonstrate that equivalent
amounts of tissue RNA were used for cDNA synthesis. A
GAPDH product of 999 bp was visible in equivalent amounts

- * I
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in each of the RNA-PCRs, and products were clearly visible
after 20 or 25 cycles, compared to 35 or 40 cycles for NK-2
receptor. No products were visible with negative controls per-
formed in the absence of cDNA. Genomic DNA PCRs also
failed to give any products with either NK-2 receptor or
GAPDH primers. The gene structure of hamster NK-2 receptor
and GAPDH has not been published; however, it is likely that
both contain multiple exons, as this is the case for these gene
sequences from all other species investigated. We have evidence
that the hamster NK-2 receptor gene contains an intron in the
position corresponding to intron I in other tachykinin receptors
(unpublished observations). Control experiments have shown
that the hamster genomic DNA was capable of amplification
by PCR.

DNA sequencing of the entire hamster trachea PCR product
has shown that this sequence is identical to hamster urinary
bladder NK-2 receptor.

Characterization of the hamster NK-2R expressed in
MEL cells. We utilized the ligand [4,5-*H-Leu’]NKA (18) to
characterize the properties of the hamster NK-2R in a binding
assay. Binding was highly specific (89 + 2%, n = 3) and protein-
dependent in a range of 0.1 to 1.0 mg of protein/ml. Similar
specific binding in the same protein-concentrations range was
observed with the human NK-2R (94 + 3%, n = 3). In contrast,
we did not detect meaningful binding in nontransfected (non-
induced or induced) cells (<5% specific binding with <3 fmol
of [*'H]NKA bound/mg of protein). Specific binding levels were
enhanced in a concentration-dependent manner (in the range
of 0.1-10 mM) by divalent cations (Mg?* > Ca?*) and nearly
doubled at 3 mM MgCl,. This effect was largely mediated by
doubling the apparent site-density (i.e., Bna:) Without affecting
ligand affinity (i.e., K4, data not shown).

Kinetic analysis of [PH]NKA binding illustrates that binding
was rapid, concentration-dependent, and reached equilibrium
proportional to ligand concentration (Fig. 5A). There was a
significant (p < 0.003) linear correlation (r = 0.9977) of Kobs
versus ligand concentration (Fig. 5B). The kinetic rate con-
stants calculated from the slope (k,) and Y’ intercept (k-,)

HUMAN
BOVINE
HAMSTER

IV, —200

KAVIAGIWLVALALASPQCFYS W

- IAGIWLVALALPEPQCFYSTI '9

VI VII_300

BOVINE [VIALIYFLPLVVMEVAYSVIGLTLWRRY
HAMSTER MFVEMYELP 2

IAL IYFLPI.MIMFVAYSVIGLTLWRRAVPGHQAHGANLRHLQAKKKFVKTMVLWLTFAICWLPYHLYFILGSFQEDI YCHKFIQQVYLALFWLAMSST

398

3. Alignment of the amino acid sequences of human, bovine, and hamster NK-2 receptors. Human and bovine NK-2 receptors belong to the

Fig.
proposed NK-2 receptor subtype, NK2A, and hamster NK-2 receptor to the NK-2B subtype based on

residues

antagonist binding profiles. Aligned
identical in at least two different receptors are shown boxed. The positions of the two potential glycosylation sites (Asn11 and Asn19) in human and
bovine receptors are shown with asterisks. In hamster NK-2 receptor, only Asn19 has the potential to be glycosylated.
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Fig. 4. Analysis of hamster NK-2 receptor expression. RNA was prepared
from hamster urinary biadder, kidney, lung, and trachea and was sub-
using NK-2 receptor (NK-2R) or GAPDH
oligonucieotide primers. The number of PCR cycles for respective lanes
is indicated. PCR was aiso performed in the absence of cDNA (as a

negative control). Ampiification products were separated by agarose gel
electrophoresis and visualized by ethidium bromide (a,c, e and
f) or by Southern biot hybridization using a hamster NK-2 receptor cONA
probe (b and d). Both primer pairs generated a single product of the
correct size; therefore, only this region of the agarose gel is presented.
data were: k, = 0.0065 nM™ * min~'; k_; = 0.0422 min~!, and
k_,/k, = 6.5 nM.

In parallel experiments with the human NK-2R (conducted
in the same ligand concentration range), we observed the fol-
lowing kinetic rates: k, = 0.048 nM™! * min™?; k_, = 0.295 min™’
(r = 0.9971, p < 0.003), which yielded an identical k_,/k, = 6.1
nM. In both receptors, the data could only fit a mono-exponen-
tial rate equation, excluding the existence of a second site
within the range tested (0.15-6 nM ligand).

[*H]NKA binding to hamster NK-2 receptor was reversible
(Fig. 6), in that NKA rapidly dissociated bound [*H]NKA in a
bi-exponential manner that could be resolved into fast and slow
kinetic components (Table 1). Addition of Gpp(NH)p, together
with either NKA or SR48,968, caused a faster dissociation than
either ligand alone (Fig. 6), which was caused by shifting some
of the binding sites to the faster dissociating component (53—
56% with Gpp(NH)p versus 41-45% in control), with concom-
itant two-fold enhancement of the slow dissociation phase (¢
= 256-29 min with Gpp(NH)p versus 46-54 min in control,
Table 1). These data suggest that the hamster NK-2 receptors
in MEL cells are coupled to G Proteins (see below) and can
undergo GTP-induced transition from high to low affinity
states.

The potent, nonpeptide NK-2 antagonist SR48,968 (30, 31),
as well as R396 and L659,877 (the peptide and cyclic-peptide
NK-2 selective antagonists) (32, 35), equally and rapidly dis-
sociated bound ligand in a nearly indistinguishable manner
(Fig. 6, Table 1). In contrast, at equal concentration (3 uM) to
the other ligands, MEN10,376 (the peptide antagonist selective
for rabbit and guinea pig NK-2 receptors) (16, 33) induced a
much slower and incomplete dissociation (¢, = 31 min). How-
ever, at >30 uM, this antagonist was able to dissociate bound
ligand similar to the other antagonist, reflecting its weaker
affinity to the hamster receptor (data not shown).

~ [3HINKA

$ .
S 68nM T

. -i oL S
«}- s T

irf

./0

0 10 20 30 40 50 60 70 80 90
Time (min.)

025 r= 09977, P< 0.003
% 1 2 3 4 s s
[PH-NKA], nM

Fig. 5. Kinetics of [°H]NKA association to hamster NK-2R-transfected
MEL cells membranes. Membranes were incubated with the indicated
concentrations of [PH]NKA for 90 min at 25°. Nonspecific binding was
defined with 1 um NKA. A: Data were fit with a rate equation: Bt = Beq
* (1 — e ). B: Kobs determined from the kinetic data were plotted
as a function of ligand concentration and were fit to the equation: ko =
ky * [L] — k-4, to obtain association (k; = 0.0065 nm~' * min~") and
dissociation (k_, = 0.0422 min™') rate constants to yield kinetic KAk_,/
ky) = 6.5 nm. Data are mean of triplicate from a typical experiment. A
regression analysis demonstrated a significant linear correlation (p <
0.003, r = 0.9977). Dashed lines indicate 95% confidence limit

00
. 0 L659,877
-05F ~. o R396
S 4 SR48,968
< -10} -
o
S
4
o -15+¢
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NKA+Gpp(NH)p——¥ )
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Fig. 6. Dissociation kinetics of [PH]NKA from hamster NK-2R-transfected
MEL cells membranes. Membranes were equilibrated for 30 min with
approximately 2 nm [*H]JNKA before initiating dissociation with 3 um of
the indicated competitor. Data were collected for another 90 min and
were fit with a bi-exponential rate equation: Bt = Beq, * ¢*~'"" +

* @20, Aﬁdissodaﬁondataﬁtsigtﬂﬂeanﬂybettef(p<005 ANOVA)
to a bi-exponential kinetic model. The data was linearly transformed and
plotted as Ln (Bt/Beq) versus time (min) to better illustrate the two kinetic
components. Data are mean of triplicate determination from a typical
experiment.
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TABLE 1
Kinetic analysis of [*HJNKA dissociation from cloned hamster NK-2

receptors expressed in MEL celis
Results are mean + standard error from two experiments (except for [SR-48,968
+ Gpp(NH)p)] and L659,877, where n = 1) in triplicate.

Fast component Slow component

tn Sites tn Sites

min % min %
NKA 27+£17 45 46 + 18 55
NKA + Gpp(NH)p 24+14 53 29+ 13 47
SR48,968 21+06 41 54+8 59
SR48,968 + 1.0+02 55 25+ 4 45

Gpp(NH)p

R396 29+06 48 479 52
L659,877 49+13 38 75+ 13 62

NKA and SR48,968 also completely and rapidly (¢, = 2-4
min) dissociated bound [*H]NKA from the human receptor,
but unlike the hamster receptor, NKA-induced dissociation
was mono-exponential from a single population of binding sites
(data not shown).

The saturation analysis of the equilibrium [’H]NKA binding
to hamster NK-2 receptor illustrates binding to a single class
of high affinity and saturable receptors (Fig. 7A). The binding
constants obtained in three experiments were: K; = 4.14 + 0.31
nM; Br.. = 679 26 fmol/mg of protein (mean + standard
error). This equilibrium affinity value is in good agreement
with the k_,/k; = 6.1 nM derived from kinetic experiments. In
these saturation experiments, a two-site model could not fit the
data. However, in competition experiments conducted with a
higher concentration of NKA, we did detect a small population
(10 = 1%) of lower affinity receptors (Ks = 150 + 92 nM).

Fig. 7B illustrates that [P[H]NKA bound in a saturable man-
ner to human NK-2R. However, unlike the hamster receptor,
Scatchard analyses (Fig. 7B, insert) illustrated that [PH]NKA
bound to low and high affinity populations of the human
receptors: Kj;, = 0.59 + 0.22 nM; B = 815 + 350 fmol/mg
of protein and Ky,, = 13 % 4.7 nM; B2 = 2955 + 1270 fmol/
mg of protein. The data fit a two-site model better than a single
site (p < 0.05 ANOVA, run test p > 0.05). The data from
several independent experiments were: K, 0.37 + 0.11 nM;
Biexi = 234 £ 175 fmol/mg of protein and Ky,, = 9.0 £+ 1.9 nM;
Biraxz = 1989 % 990 fmol/mg of protein (mean + standard error,
n =5, p < 0.05 by simultaneous ANOVA of all data). These
experiments also suggest that the human receptor was ex-
pressed at a higher level than the hamster receptor (judged by
total density values of B... = 2223 versus 679 fmol/mg of
protein, respectively). The observations of two affinity states
for the human NK-2R are similar to our findings with this
receptor expressed in the baculovirus-infected Sf-21 insect
cells (17).

Fig. 8 illustrates that under optimal conditions (3 mM MgCl;),
binding of [PH]NKA to hamster (Fig. 8A) and human (Fig. 8B)
receptors was inhibited by GTP analogs. However, Fig. 8 also
illustrates that the extent and potency of inhibition were sig-
nificantly greater in human NK-2R than observed with the
hamster receptor (30-40% with 0.3 and 3 uM for GTP(v)S and
Gpp(NH)p, n = 2, respectively, in the hamster compared with
ICs = 0.7 and 7.5 nM for GTP (v)S and Gpp(NH)p, n = 2,
respectively, in the human). The greater inhibition of the
human receptor by GTP analogs appears to be an intrinsic
property of the human receptor itself and not caused by the

Isolation and Pharmacology of Hamster NKA Receptor cDNA 15
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Fig. 7. Saturation analysis of [*H]NKA binding to MEL ceil membranes
containing A) hamster or 8) human NK-2 receptors. Membranes were
incubated with [°H]NKA (0.05-6.0 nm) under standard conditions. Data
was fit to the saturation equation B = B * [F1/(Ka1 + [F]) + Bmez * [F]
/(K2 + [F]) and linearized according to the method of Scatchard (insert).
In hamster (A) data did not fit a two-site model better than single site (p
> 0.05), whereas in human (B) there was a significantly better fit (p <
0.05) to a two-site model. Data are mean of triplicate determination from
a representative experiment.

host cell where it was transfected, because we observed near
identical inhibition with human NK-2R expressed in the bac-
ulovirus-infected Sf-21 insect cells (17). The weak and incom-
plete inhibition by GTP analogs of [P’H]NKA binding to the
cloned hamster receptor is similar to that observed in native
tissue (18, 34).

The pharmacology of the hamster and human NK-2 recep-
tors in MEL cells was explored with a series of selective NK-2
agonists and antagonists. Fig. 9 illustrates that tachykinin
agonists potently inhibited [*))NKA binding to hamster (Fig.
9A), or human (Fig. 9B) NK-2R, with a similar rank order of
potency: NKA > [Nle’]NKA(4-10) > [8-Ala®)NKA(4-10) >
SP, and senktide = inactive. Table 2 illustrates that NKA
bound with a greater proportion to the high affinity sites (90 +
1%) and was also significantly (p < 0.04) more potent than the
other NK-2 agonists (K; = 1.35 + 0.21, 6.18 + 0.16, and 9.08 =
3.83 nM, mean * standard error, n = 3, for NKA, [Nle')
NKA(4-10), and [B-Ala®]NKA(4-10), respectively). A similar
trend was observed in the human receptor (Table 2). NKA was
marginally, but significantly (p < 0.05), more potent (2-3-fold)
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Fig. 8. Inhibition of [*H]NKA binding to NK-2 receptors by GTP analogs.

Membranes containing hamster (A) or human (B) NK-2 receptors were

incubated with [PH]NKA (1.0 nm) in Mg** (3 mm) containing HEPES buffer

(20 mm. pH 7.4) for 30 min at 25° in the presence of increasing
concentrations of GTP(v)S or Gpp(NH)p. Specific binding (%) was cal-
culated relative to controls in the absence of GTP analogs. Data are
mean of te from a experiment. In hamster,
significant inhibition (p < 0.05) is observed with GTP analogs > 10 nm
or 100 nm for GTP(v)S or Gpp(NH)pt, respectively.

than the other agonists at the low affinity sites in both receptors
(Table 2). Interestingly, unlike the preferential binding of NKA
and [Nle'’)NKA(4-10) to the high affinity sites in hamster and
human alike, [8-Ala®)NKA(4-10) bound predominantly to the
low affinity sites, similar to our previous observation with the
human receptor expressed in the baculovirus Sf-21 cells. This
preference may explain the apparent overall weaker potency of
this agonist in competition experiments (Fig. 9), despite affinity
constants (K;) comparable to [Nle!’)NKA(4-10) at both bind-
ing sites.

In contrast to the NK-2 selective ligands, SP bound equipo-
tently to both hamster and human receptors, demonstrating
300- to 600-fold less potency than NKA, whereas the selective
NK-3 agonist senktide was inactive.

We further characterized the pharmacology of the hamster
(and human) receptors with selective NK-2 antagonists. Fig.
10 illustrates that SR48,968 was the most potent antagonist in
both hamster (Fig. 10A) and human (Fig. 10B) receptors.
Results obtained in smooth muscle contraction assays have
demonstrated 10- to 15-fold higher potency for SR48,968 in
human bronchus versus hamster trachea or urinary bladder
(pA: = 9.40 and 8.11, respectively) (31). In contrast, Table 2
illustrates that SR48,968 was equipotent (pK; = 8.9) in both
receptors. The potency observed in human receptor expressed
in MEL cells was the same as that observed for the same
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Fig. 9. Inhibition of [*H]NKA binding to MEL cells membranes by tachy-
kinin agonists. Membranes containing hamster (A) or human (B) NK2
receptors were incubated with 2 nm ligand in the presence of
concentrations of agonists. Nonspecific binding was determined with 1
um NKA. With both receptors, data for NKA and selective NK-2 agonists
fit significantly better a two-site binding model (see Table 1). SP data fit
a single-site model. Data are expressed as percentage of control and
are from a representative experiment determined in quadruplicate.

receptor expressed in the baculovirus Sf-21 cells (9.01 + 0.10
nM) (17).

In hamster NK-2 receptor, Fig. 10A (and Table 2) illustrates
that R396 was a much more potent antagonist than MEN10,376
(126-fold), which is in excellent agreement with our observation
in native hamster urinary bladder (172-fold) (18), In contrast,
Fig. 10B illustrates an inverse order of potency in human NK-
2R, where MEN10,376 was much more potent than R396 (55-
fold, Table 2). Table 1 also illustrates that the cyclic-peptide
antagonist 1.659,877 (35) was the most potent peptide antago-
nist of hamster NK-2 receptor. In contrast, L659,877 was 21-
fold less potent in human than in hamster receptor (Table 2).
Regardless of NK-2 receptor species or absolute potency, all
antagonists’ inhibition curves were compatible with binding to
a single population of receptors.

Thus, the observed order of potency in the cloned hamster
NK-2 receptor of SR48,968 = L659,877 > R396 >» MEN10,376
is in excellent agreement with our observations in the native
hamster urinary bladder membranes, and is remarkably differ-
ent from that observed with the human NK-2 receptor of
SR48,968 > MEN10,376 > L659,877 > R396 (Table 3). The
order of affinities obtained in the present studies with the
human NK-2 receptor are identical to those observed by us for
the same cloned human NK-2 receptor expressed in Sf-21 cells
(Table 3), demonstrating further that its pharmacological prop-
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TABLE 2
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Pharmacological analysis of cloned NK-2 receptors expressed in MEL celis
pK{-LogK) data are mean + standard error from n = three to five experiments with cloned hamster or human receptors, determined in two to four replicates. When

errors are not reported, n = 2. NA, not active up to 10 um; ND, not detected.

Hamster

Cloned NK-2R Site 1 Site 2

K Sites PK;

%
Agonists
NKA 889007 901 7.08 + 0.38
[NIe''JNKA(4-10)  821+001 75+7  6.57+0.03
[6-Al2INKA(4-10) 8.11+0.17 49+11  652+0.17
SP ND — 6.37
Senktide NA - —

Antagonists

SR48,968 8.86 + 0.08 100 ND
L659,877 8.69 £ 0.13 100 ND
R396 8.39 £ 0.08 100 ND
MEN10,376 6.28 + 0.08 100 ND

CP96,345 - - NA

101 9.04 + 0.16

26+7 8.48 + 0.13 68+ 6 6.42 + 0.15 32+6

51+ 11 835+016 46x6 6.59 +£0.15 54+ 6
100 ND —_ 6.18 100

—_ NA —_ NA -

912 7.15+0.33 92

8.88 + 0.12 100 ND
7.69 + 0.03 100 ND
6.79 £ 0.05 100 ND
8.49 + 0.02 100 ND
— —_ NA —

A: HAMSTER

PN .. MEN10,376

‘ i
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%X Specific Bound
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Fig. 10. Inhibition of [°H]NKA binding to MEL cells membranes by
selective NK-2 antagonists. Membranes hamster (A) or human
(B) NK2 receptors were incubated with 2 nm ligand in the presence of
increasing concentrations of antagonists. Nonspecific was deter-
mined with 1 um NKA. Data are expressed as of control and
are from a representative experiment determined in quadruplicate.

erties were independent of the host cells. The rank order of
antagonists’ affinity in the cloned receptors is consistent with
the proposed NK-2 receptor’s pharmacological classification of
NK-2A (human) and NK-2B (hamster) in native tissues.

Discussion

We report here the isolation of cDNA for hamster NK-2
receptor from urinary bladder and its functional expression in

Xenopus oocytes. Heterologous expression and detailed phar-
macological characterization has been done in the LCR/MEL
cell system. In this system, the cDNA is inserted between the
human g-globin promoter and the second intron of the 8-globin
gene. This expression cassette is then placed downstream of
the human globin LCR and is then transfected into MEL cells.
This system does not depend on gene amplification, is inde-
pendent of the integration position of the expression cassette,
and allows stable high level expression within a few weeks.
The pharmacology for the recombinant hamster NK-2 recep-
tor expressed in MEL cells is very similar to that previously
described for hamster urinary bladder membranes (18). As in
the native tissue, the binding of [PHJNKA to the cloned receptor
appears to be stimulated by divalent cations and inhibited
(albeit incompletely) by GTP analogs. This is in contrast to
the human receptor expressed in either MEL cells or baculo-
virus Sf-21 cells (18), where GTP analogs potently inhibit
agonist binding. However, in both receptors GTP analogs in-
hibited binding by shifting the majority of NK-2 receptors to a
lower affinity state and increasing dissociation rates. The weak
inhibition seen with the cloned hamster NK-2R is similar in
its weak response in native tissue (17, 34), whereas the potent
effects of GTP analogs on human receptor is observed in both
insect Sf-21 (17) and mammalian (MEL) host cells. Thus, we
propose that the major difference between these two NK-2
receptors is probably an intrinsic property of the receptors and
does not appear to be caused by the heterologous expression.
NK-2 receptors are characterized pharmacologically in air-
way, vascular, and nonvascular smooth muscle in many periph-
eral tissues. We have studied the expression of NK-2 receptor
mRNA in several hamster tissues by RNA-PCR. The NK-2
receptor reported here was isolated from urinary bladder and,
therefore, we used the expression in this tissue as a positive
control. We also examined the expression in airways (trachea
and lung), which have been used extensively for pharmacology,
and also in kidney. Hamster urinary bladder contained the
highest levels of NK-2 receptor mRNA. Trachea and lung also
expressed the receptor at lower levels than bladder, which
agrees with pharmacological data for these tissues. Detectable
levels were found in kidney, and NK-2 receptors have been
reported previously in guinea pig renal pelvis (36). In other
species (human, rabbit, and guinea pig), NK-2 receptors also
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TABLE 3

Comparative pharmacological properties of selective NK-2 peptide antagonists in NK-2 receptors
c-hNK-2R-BVsf21, cloned human NK-2 receptor expressed in BVSf-21 cells; c-hNK-2R-MELSs, cloned human NK-2 receptor expressed in MEL cells; c-HUBM-MELs,
cloned hamster urinary bladder NK-2 receptor expressed in MEL cells; n-HUBM, native NK-2 receptor in hamster urinary bladder membranes.

Receptor Rank order (pK)) Ref.
c-hNK-2R-BVsf21 SR48,968 (9.01) > MEN10,376 (7.97) > L659,877 (7.54) > R396 (6.59) 17
c-hNK-2R-MELs SR48,968 (8.88) > MEN10,376 (8.49) > L659,877 (7.69) > R396 (6.79) This work
c-HUBM-MELs SR48,968 (8.86) > L659,877 (8.69) > R396 (8.39) > MEN10,376 (6.28) This work
n-HUBM SR48,968 (8.61) > L659,877 (8.13) > R396 (7.88) > MEN10,376 (5.84) 18

have been shown pharmacologically to be present in urinary
bladder, trachea, and bronchus.

NKA and selective NK-2 agonist binding appears to invoke
transition of affinity states, because we observed two popula-
tions of receptors with high and low affinity binding. Antago-
nists did not invoke this transition because they inhibited in a
manner compatible with a single affinity state, regardless of
chemical structure or absolute potency. This was a consistent
observation for both receptors. Moreover, we consistently ob-
served that [8-Ala®)NKA(4-10) bound predominantly to the
low affinity sites in both receptors, which may explain its
apparent weaker binding compared with [Nle'°)NKA(4-10),
despite nearly identical affinities at both high and low affinity
sites at either receptor. In addition, both hamster and human
low affinity NK-2 receptors appear to bind all NK-2 agonists,
as well as SP, with a nearly uniform affinity with K; = 100 to
300 nM. Overall, except for minor kinetic differences and the
higher affinity for NKA displayed by the human receptor,
agonists do not distinguish between these NK-2 receptor sub-
types.

In contrast to studies with NK-2 agonists, a major difference
in receptor pharmacology is observed with antagonists (Table
3). Although the nonpeptide antagonist SR48,968 displays sim-
ilar affinity in human and hamster receptors, this is not the
case with R396 or MEN10,376, which demonstrate great selec-
tivity toward hamster and human receptors, respectively. The
major difference in potency is conserved between native recep-
tors in hamster urinary bladder and the cloned receptor ex-
pressed in MEL cells. Similarly, there is a consistent pattern
of inhibition by antagonists observed with the human receptor,
regardless of the host cell (Table 3).

The predicted protein sequence of hamster NK-2 receptor
now can be compared to human and bovine NK-2 receptors,
making it possible to identify amino acids that potentially may
cause the pharmacological differences. Studies on G protein-
coupled receptors, whose endogenous agonists are small non-
peptide molecules, have demonstrated that the binding sites
for these agonists are located within the transmembrane do-
mains (37, 38). Because the tachykinin peptides NKA, NKB,
and SP are larger than these nonpeptide agonists, it seems
likely that the extracellular domains of the tachykinin receptors
comprise part of the peptide binding site. Recent studies sup-
port this hypothesis (11, 12). The NK-2 receptors from human,
bovine, and hamster tissues are highly conserved, except at the
N- and C-termini, where they show least homology (Fig. 3).
These data further demonstrate that minor sequence differ-
ences between the receptors from different species can lead to
pronounced pharmacological differences, in agreement with
recent studies on 5-hydroxytryptamine;s and 12-15 lipoxygen-
ase (39, 40). The results reported here provide the basis for

further experiments using site-directed mutagenesis to deter-
mine the structural elements within the receptors that are
responsible for conferring the differential pharmacology in
specific species, which has been reported. Understanding the
cause of the pharmacological difference observed for species
variants of NK-2 receptors will not only clarify the structure/
function of the receptor, but also provide a rational basis for
the selection of suitable in vivo animal models for drug discov-
ery.
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