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ABSTRACT

The cysteinyl leukotrienes (CysLTs) have been implicated in
the pathophysiology of inflammatory disorders, in particular
asthma, for which the CysLT receptor antagonists pranlukast,
zafirlukast, and montelukast, have been introduced recently as
novel therapeutics. Here we report on the molecular cloning,
expression, localization, and pharmacological characterization
of a CysLT receptor (CysLTR), which was identified by ligand
fishing of orphan seven-transmembrane-spanning, G protein-
coupled receptors. This receptor, expressed in human embry-
onic kidney (HEK)-293 cells responded selectively to the indi-
vidual CysLTs, LTC,, LTD,, or LTE,, with a calcium mobilization
response; the rank order potency was LTD, (EC5, = 2.5 nM) >
LTC, (ECso = 24 nM) > LTE, (EC5, = 240 nM). Evidence was
provided that LTE, is a partial agonist at this receptor. [PHILTD,
binding and LTD,-induced calcium mobilization in HEK-293

cells expressing the CysLT receptor were potently inhibited by
the structurally distinct CysLTR antagonists pranlukast, mon-
telukast, zafirlukast, and pobilukast; the rank order potency
was pranlukast = zafirlukast > montelukast > pobilukast.
LTD,-induced calcium mobilization in HEK-293 cells express-
ing the CysLT receptor was not affected by pertussis toxin, and
the signal appears to be the result of the release from intracel-
lular stores. Localization studies indicate the expression of this
receptor in several tissues, including human lung, human bron-
chus, and human peripheral blood leukocytes. The discovery of
this receptor, which has characteristics of the purported
CysLT, receptor subtype, should assist in the elucidation of the
pathophysiological roles of the CysLTs and in the identification
of additional receptor subtypes.

The cysteinyl leukotrienes (CysLTs) are lipid mediators,
generated de novo from membrane-associated arachidonic
acid (Samuelsson, 1983; Drazen and Austen, 1987), which
have been implicated as important contributors in the patho-
physiology of several inflammatory disorders, in particular,
asthma (Samuelsson, 1983; Drazen and Austin, 1987; Hay et
al., 1995; Horwitz et al., 1998). CysLT research began about
60 years ago when Kellaway and Trethewie (1940) demon-
strated in a bioassay that effluent from antigen-stimulated
guinea pig lung tissue contracted gastrointestinal smooth
muscle tissue. This material, designated “slow reacting sub-
stance” (SRS), was renamed “slow reacting substance of ana-
phylaxis” by Brocklehurst (1960). Research in the late 1970s
and early 1980s led to the elucidation of the structures and

synthetic pathways for the leukotrienes including the Cys-
LTs (LTC,, LTD,, and LTE,), which were revealed to be
responsible for the biological properties of slow-reacting sub-
stance of anaphylaxis (Borgeat and Samuelsson, 1979; Mur-
phy et al., 1979; Corey et al., 1980; Samuelsson, 1983). Ex-
tensive preclinical and clinical research on the CysLTs and
their antagonists in the pulmonary system culminated in the
recent introduction of three potent and selective cysteinyl
leukotriene receptor (CysLTR) antagonists pranlukast (Onon;
SB 205312; Ono-1078) (Obata et al., 1992; Tamaoki et al.,
1997), zafirlukast (ICI 204,219; Accolate) (Krell et al., 1990;
Spector et al., 1994), and montelukast (MK-476; Singulair)
(Jones et al., 1995; Reiss et al., 1996) for the treatment of
asthma.

ABBREVIATIONS: CysLTs, cysteinyl leukotrienes; CysLTR, cysteinyl leukotriene receptor; HEK, human embryonic kidney; HEK-293-CysLTR
cells, HEK-293 cells expressing the CysLT receptor; SRS, slow reacting substance; EST, expressed sequence tag; FLIPR, fluorescent imaging
plate reader; PCR, polymerase chain reaction; RT, reverse transcription; DMSO, dimethyl sulfoxide; GPCR, G protein-coupled receptor.
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Binding and functional studies have provided evidence
that the biological effects of the CysLTs are mediated via G
protein-coupled receptors (GPCRs; Crooke et al., 1990; Met-
ters, 1995). There is pharmacological evidence for subtypes of
CysLTRs (Coleman et al., 1995; Metters, 1995), including in
human lung (Labat et al., 1992; Gorenne et al., 1996); these
receptors have been classified as CysLT; and CysLT,
(Coleman et al., 1995). Responses produced by stimulation of
CysLT; are sensitive to inhibition by many CysLTR antago-
nists from distinct structural classes, whereas those elicited
by CysLT, activation are resistant to most CysLTR antago-
nists, but antagonized by Bay u9773, which is the only
known mixed CysLT; and CysLT, receptor antagonist
(Coleman et al., 1995).

Significant effort has been applied to pair-activating li-
gands with novel orphan seven-transmembrane-spanning
GPCRs identified in expressed sequence tag (EST) data-
bases. Using the “reverse pharmacology” approach (Stadel et
al., 1997) we identified a receptor designated HMTMF81
(called CysLTR vide supra) that demonstrated the character-
istics of a CysLTR, including selective stimulation of calcium
mobilization by all the CysLTs, LTC,, LTD,, and LTE,. The
GenBank accession number for HMTMF81 is AF 133266, and
a patent was published on October 28, 1998 (EP 0874047).
Herein the identification, molecular cloning, expression, lo-
calization, and pharmacological characterization of this Cys-
LTR is described. Note, during the review of this manuscript
another group published the results of some experiments on
the characterization of the same receptor (HG55, GenBank
accession number AF119711; Lynch et al., 1999).

Experimental Procedures

Materials. Pranlukast, zafirlukast, montelukast, pobilukast,
LTC,, and LTD, were synthesized by colleagues in the Department
of Medicinal Chemistry, SmithKline Beecham Pharmaceuticals
(King of Prussia, PA); LTE, was purchased from Biomol (Plymouth
Meeting, PA).

Identification, Cloning, and Sequencing of CysLTR. Bioin-
formatic or computational surveys of both public and private (collab-
oration with Human Genome Sciences, Rockville, MD) EST and
genomic databases were used to identify numerous sequences that
encode structural characteristics common to GPCRs, a superfamily
of membrane-bound proteins that activate intracellular heterotri-
meric G proteins. The ESTs were converted into full-length ¢cDNAs,
transiently or stably expressed in human embryonic kidney (HEK)-
293 cells (American Type Culture Collection, Rockville, MD), which
were grown in Eagle’s Minimum Essential medium with Earles salt
supplemented with nonessential amino acids and 10% FBS. The cells
were screened for Ca®" mobilization responses to a variety of known
and proposed GPCR ligands using a 96-well fluorescent imaging
plate reader (FLIPR; Schroeder and Neagle, 1996).

EST computational analysis (Adams et al., 1991) was used to
identify clone HMTMF81, which was derived from a poly-inosinic-/
poly-cytidylic-stimulated peripheral blood mononuclear cell cDNA
library constructed and sequenced by Human Genome Sciences
(Rockville, MD). The ¢cDNA insert of HMTMF81 was 960 bp in
length, lacking approximately half of the C-terminal portion of the
open reading frame. The missing region of the cDNA was isolated
from both human leukocyte and spleen cDNAs using the Clontech
(Palo Alto, CA) Marathon ¢cDNA amplification kit. The DNA se-
quences of multiple cDNA products from separate polymerase chain
reactions (PCRs) were determined to confirm the fidelity of the
receptor DNA sequence. The complete 1014-bp CysLTR open reading
frame was subcloned into the expression vector pCDN for expression

in mammalian cells; pCDN is an in-house vector that has a CMV
promotor and a neomycin-resistance marker (Aiyar et al., 1994).

Expression in HEK-293 Cells. Transient and stable expression
in HEK-293 cells was carried out using 5 ul of lipofectamine accord-
ing to the manufacturer’s instructions (Life Technology, Inc., Gaith-
ersburg, MD) with 2 pg of plasmid DNA encoding the CysLTR gene.
Stable cell lines were selected in geneticin and clones were screened
by LTD -induced Ca®" mobilization in FLIPR (as described below),
and the clonal cell line producing the most potent and largest Ca®*
response to LTD, (100 nM) was used for the experiments described.

Calcium Mobilization Experiments. Calcium mobilization
studies were conducted using Fluo 3-loaded HEK-293 cells stably
expressing the CysLTR and a microtiter plate-based assay, using
FLIPR (Molecular Devices, Sunnyvale, CA; Schroeder and Neagle,
1996). After growing HEK-293 cells expressing the CysLT receptor
(HEK-293-CysLTR cells) to confluence and allowing them to adhere
to the FLIPR microtiter plates, growth media was removed and
replaced with 1 uM Fluo-3 AM fluorescent indicator dye (Molecular
Probes, Eugene, OR) in Hanks’ balanced salt solution with 10 mM
HEPES, 200 uM CaCl,, 0.1% BSA, and 2.5 mM probenecid. After
incubation for 1 h (37°C, 5% CO,), cells were washed three times
with the same buffer. At the initiation of the experiment, fluores-
cence is read every 1 s for 1 min and then every 3 s for the following
minute. Agonist was added after 10 s and concentration-response
curves were obtained by calculating the maximal fluorescent counts
above background after addition of each concentration of agonist to
define the response for each agonist concentration. The EC;, is the
concentration of agonist producing 50% of the maximum response.
For antagonist studies, the IC;, was the concentration required to
inhibit 50% of the response to 33 nM LTD,.

Binding Studies. HEK-293 cells transiently transfected with the
CysLTR were harvested and crude membranes were prepared. Com-
petition binding studies were conducted by standard techniques with
1.5 nM [*H]LTD, (20-30 Ci/mmol; New England Nuclear, Boston,
MA), and 200 to 250 pg of cell membrane protein. Samples were
incubated in 250 ul of piperazine-N,N’'-bis(2-ethanesulfonic acid)
(pH, 6.5; Sigma Chemical Co., St. Louis, MO), 10 mM CaCl,, 10 mM
MgCl,, 10 mM glycine, and 10 mM cysteine for 45 min at 25°C.
Nonspecific binding was determined in the presence of 1.0 uM cold
LTD,, and accounted for 40 to 45% of total binding. Membranes were
captured on Whatman GF/C filters using a Brandel cell harvester,
then washed and counted with 10 ml of Beckman Ready Safe (Ful-
lerton, CA); the radioactivity was quantitated by scintillation spec-
trometry. The ICy, is the concentration of antagonist required to
inhibit 50% of the specific binding.

RNA Purification, PCR, and Northern Blot Analysis. For
reverse transcription (RT)-PCR studies, total RNA was extracted
from tissues and cells using RNAzol B (Tel-Test, Inc., Friendswood,
TX) and purified according to manufacturer’s instructions. RT-PCR
was carried out on DNase-treated total RNA samples using a com-
mercial RNA PCR kit (PE Applied Biosystems, Foster City, CA) on a
Hybaid Thermocycler (Teddington, Middlesex, UK). CysLTR oligo-
nucleotide primers were as follows: Upstream primer, 753-769, 5'-
GCCGCCTCAGCACCTAT-3’, and downstream primer, 1136-1159,
3'-TTAGACAGTTCAGTATTTTTCCGA-5', defining a 407-bp prod-
uct. Northern analysis was performed using human multiple tissue
blots purchased from Clontech and various in-house cell lines and
human bronchus; human bronchus was provided by NDRI (Philadel-
phia, PA). Poly A* RNA (2 ug; tissues) or 25 ug total RNA (cells and
human bronchus) was analyzed by hybridization to an « [32P]dCTP-
labeled (Amersham) 1100-bp fragment of the CysLTR ¢cDNA probe.
Blots were hybridized with probe at 68°C for 18 h with ExpressHyb
buffer. The blots were washed four times for 15 min each at room
temperature in 2X SSC, 0.05% SDS followed by four washes of 15
min each at 55°C in 0.1X SSC, 0.1% SDS. The blot was exposed at
room temperature for 2 days in a phosphor cassette. Bands were
visualized on a phosphor imager. Blots were stripped with hot 0.5%
SDS and reprobed with B-actin cDNA probe (Clontech).
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TagMan mRNA Profiles. Poly A+ RNA from multiple tissues of
four different individuals (two males, two females, except prostate)
was prepared, (Biochain, San Leandro, CA; Clontech, Palo Alto, CA;
Invitrogen, Leek, the Netherlands; Analytical Biological Services,
Wilmington, DE) or donated (Netherlands Brain Bank, Amsterdam,
the Netherlands) and 1 ug of each RNA was reverse transcribed
using random priming according to the Superscript II RT manufac-
turer’s instructions (Life Technologies, Paisley, Scotland). The cDNA
prepared was diluted to produce 1,000 identical microtiter plates,
each containing the cDNA produced from 1 ng RNA from each tissue,
and TagMan PCR (P.E. Biosystems, Warrington, UK) was performed
to detect either CysLTR or housekeeping genes. Quantitation of
mRNA-derived TagMan signal was achieved using known plasmid/
genomic DNA standards included in each run on an ABI 7700 Se-
quence Detector (P.E. Biosystems). The negligible level of genomic
DNA contamination in the RNA samples was determined by the
same procedure, omitting reverse transcriptase, and the levels
were subtracted from the reverse transcribed samples. CysLTR
gene-specific reagents: forward primer 5'-TCCTTAGAATGCAGAA-
GTCCGTG-3', reverse primer 5'-AAATATAGGAGAGGGTCAAAG-
CAACA-3', TagMan probe 5-TCATAACCTTGTCTCTGGCTGCA-
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TCCAA-3'. B-actin gene-specific reagents: forward primer 5'-GAGC-
TACGAGCTGCCTGACG-3', reverse primer 5 -GTAGTTTCGTGGA-
TGCCACAGGACT-3’, TagMan probe 5'-CATCACCATTGGCAAT-
GAGCGGTTCC-3'.

Results

Identification and Molecular Characteristics of Cys-
LTR. Screening of numerous orphan GPCRs for Ca®* mobi-
lization responses to hundreds of known and proposed GPCR
ligands using FLIPR identified a transiently transfected re-
ceptor cell line that responded specifically to 1 uM LTC, or
LTD,. In parallel experiments, cells transfected with other
receptors or with the empty vector did not respond to either
LTC, or LTD,. The full-length ¢cDNA for this receptor,
HMTMF81 (CysLTR), which was stably transfected into
HEK-293 cells, had a 1579-bp sequence and encoded a pro-
tein of 337 amino acid residues (Fig. 1). Analysis of the DNA
sequence by FASTA and BLAST algorithms indicated homol-

1 CGGCCGCCAGTGTGATGGATATCTGCAGAATTCGGCTTTACGGCTGCGAGAAGACGACAG 60
61 AAGGGGGAGGAAGAAGAATCTGTATATCTGTATATATTGGCTAGCAAATGTGCCCTGCTC 120
121  TCTCCCCTCTTAAAAATAGCAGCAACCCATCTTTGCAAAGAAGCTTGCCTATAGAGCAGG 180
181 CACTCTGTGAATGGACTGTGCTTTTACGACCCTACAGGGTATCAAGATACTGTGCAGCTC 240
241 GCCAACAAGGATTAATTGCAAGGACTGGTAGATCGAATTTACTGAAGACTTGGAGCTTGC — 300
301 TTCTGAGAACAAACGCAAAAGGACAGTAAACTGTGGACCTTGAAGTTAGCAGCGTGGGCT 360
361 TCCTCTAATATTACACCGTAAAAGGCATTGATCACCATAAGAAGGAACATTTGTGAAGGT 420
421 ACTCCAGTGCCAGAAAGAGGCACAAAGCAGACATTCGTAGAGAAACATGGATGAAACAGG 480
M DET G
481 AAATCTGACAGTATCTTCTGCCACATGCCATGACACTATTGATGACTTCCGCAATCAAGT 540
N LTVSSATT CHDTTITUDTDTFETZ RNA GV
541 GTATTCCACCTTGTACTCTATGATCTCTGTTGTAGGCTTCTTTGGCAATGGCTTTGTGCT 600
Y S TLY SMTISVVYGFTFGNTGEGTFV L
601 CTATGTCCTCATAAAAACCTATCACAAGAAGTCAGCCTTCCAAGTATACATGATTAATTT 660
Y VLI KTJVYHEKTZEKTSAFOQVYMTINIL
661 AGCAGTAGCAGATCTACTTTGTGTGTGCACACTGCCTCTCCGTGTGGTCTATTATGTCCA 720
AVADTLTLTGCVECTLPLR RVYVVYYVH
721 CAAAGGCATTTGGCTCTTTGGTGACTTCTTGTGCCGCCTCAGCACCTATGCTTTGTATGT 780
K G I WLTFGDTFTLTGCRLTSTTYA ALYV
781 CAACCTCTATTGTAGCATCTTCTTTATGACAGCCATGAGCTTTTTCCGGTGCATTGCAAT 840
N LY CSTITFTFMTAMSTETFRTE CTIATI
841 TGTTTTTCCAGTCCAGAACATTAATTTGGTTACACAGAAAAAAGCCAGGTTTGTGTGTGT 900  Fig. 1. Nucleotide sequence of the
V F PV QNTINILVTOQI KT KA ARTFUVCGCYV cD_NAcloneandthededucedamino
901 AGGTATTTGGATTTTTGTGATTTTGACCAGTTCTCCATTTCTAATGGCCAAACCACAAAA 960 i%%l“ﬂum“m of HMTMF81 (Cys-
G I WIFVTILTSSPFLMATEKTPA QQEK
061 AGATGGGAAAAATAATACCAAGTGCTTTGAGCCCCCACAAGACAATCAAACTAAAAATCA 1020
D G KNNTUKTGCTFTETPTPI QDNG GTKNH
1021 TGTTTTGGTCTTGCATTATGTGTCATTGTTTGTTGGCTTTATCATCCCTTTTGTTATTAT 1080
VLVLHYVSLFVGFTITIZPTFUVTITI
1081 AATTGTCTGTTACACAATGATCATTTTGACCTTACTAAAAAAATCAATGAAAAAAAATCT 1140
I VCYTMTITILTLLTEKTEKTSHMEKTEKTN.L
1141 GTCAAGTCATAAAAAGGCTATAGGAATGATCATGGTCGTGACCGCTGCCTTTTTAGTCAG 1200
S S HKZKATIGMTIMVYVTA AATFTLUVS
1201 TTTCATGCCATATCATATTCAACGTACCATTCACCTTCATTTTTTACACAATGAAACTAA 1260
FMPYUHTIO QRTTIHTLTUHTETLIHNETK
1261 ACCCTGTGATTCTGTCCTTAGAATGCAGAAGTCCGTGGTCATAACCTTGTCTCTGGCTGC — 1320
PCDSVLRMOGIKTSVVITTLSLAA
1321 ATCCAATTGTTGCTTTGACCCTCTCCTATATTTCTTTTCTGGGGGTAACTTTAGGAAAAG 1380
S NCCFDTPLTLYTFTFSGGNTFTRTKR
1381 GCTGTCTACATTTAGAAAGCATTCTTTGTCCAGCGTGACTTATGTACCCAGAAAGAAGGC 1440
L STFRUEKUHSTLSSVTYVPREKTKA
1441 CTCTTTGCCAGAAAAAGGAGAAGAAATATGTAAAGTATAGTTTAAACCATTTCCAGTCCA 1500
S LPEKGTETETIT CTKV *
1501 AACCAATGAAAATAGTTTCCCAAATAAGTATTTTGTCAAATCATTTACAAAAAAAAAAAA 1560
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ogy of this polypeptide sequence to the seven-transmem-
brane-spanning GPCRs. In addition, hydrophobicity plot
analysis using Lasergene Protean software showed the exis-
tence of seven hydrophobic regions, each containing approx-
imately 20 to 30 amino acids, which are likely to represent
the membrane-spanning domains found among the GPCRs.
This CysLTR has the highest homology to the P, purinocep-
tor (31% amino acid identity) and possesses 28% identity to
the cloned LTB, receptor. The sequencing of a genomic clone
confirmed the DNA sequence and also revealed that the
coding region of the CysLTR was uninterrupted by an intron.
Pharmacological Characterization of CysLTR: Cal-
cium Mobilization Experiments. HEK-293-CysLTR re-
sponded to LTC, (0.1 nM-10 uM), LTD, (0.1 nM-10 pM), or
LTE, (0.1 nM-10 puM) with marked, transient, concentra-
tion-dependent elevations of intracellular Ca®". The relative
potencies were LTD, > LTC, > LTE,, with respective ECj,,
values of 2.5, 24, and 240 nM (n = 4; Fig. 2A). LTC, and LTD,
produced a similar maximum response (P > .05), whereas the
maximum response elicited by LTE, was only approximately
40% of that produced by LTC, and LTD, (P < .05). More than
900 ligands, including greater than 200 ligands known to
activate GPCRs, did not elicit specific Ca®* mobilization re-
sponses in HEK-293-CysLTR cells; for example, LTB, (0.1
nM-3 uM), the nonCysLT, was without effect (Fig. 2A). The
CysLTR was also transiently transfected into Cos 7 cells and
stably transfected into CHO cells. LTD, produced a concen-
tration-dependent Ca®" mobilization in both systems with a
potency similar to that observed in HEK-293-CysLTR cells
(data not shown). However, the magnitude of the maximum
response to LTD, (1 uM) in Cos 7-CysLTR and CHO-CysLTR
cells was much lower (at least 10-fold) than that obtained in
HEK-293-CysLTR cells (data not shown).

The structurally distinct, potent CysLT receptor antago-
nists pranlukast (Obata et al., 1992; Tamaoki et al., 1997),
zafirlukast (Krell et al., 1990; Spector et al., 1994), monte-
lukast (Jones et al., 1995; Reiss et al., 1996), and pobilukast
(SK&F 104353; Hay et al., 1987) produced concentration-
dependent inhibition of the 33 nM LTD, -induced Ca®*" mo-
bilization in HEK-293-CysLTR cells, with respective IC;,
values of 0.1, 0.26, 2.3, and 5.5 nM (n = 4; Fig. 2C).

Pharmacological Characterization of CysLTR: Sig-
nal Transduction Experiments. Pertussis toxin treat-
ment (25 ng/ml for 18 h) of HEK-293-CysLTR cells did not
affect the Ca®* responses produced by LTC,, LTD,, or LTE,
(Fig. 2B). LTD,-induced responses were measured in the
presence and absence of extracellular calcium; most of the
response (>80%) persisted after removal of extracellular cal-
cium (data not shown).

Pharmacological Characterization of CysLTR: Bind-
ing Experiments. Radioligand-binding studies using tran-
siently transfected HEK-293-CysLTR cell membranes dem-
onstrated that the binding of [PH]LTD, was specific and
high-affinity; IC,, for cold LTD, = 9 = 3 nM (n = 3). Com-
petitive binding studies with pranlukast, zafirlukast, monte-
lukast, and pobilukast revealed IC;, values of 4.4 = 0.9,
1.8 = 0.7,4.9 = 1.2, and 30 nM (n = 2-7), respectively, for
inhibition of [PH]LTD, binding (Fig. 3).

Localization and Expression of CysLTR. Sites of ex-
pression of the CysLTR were evaluated using multiple cell
and tissue Northern blot hybridization and TagMan analysis
(Fig. 4). Using a 1100-bp insert of CysLTR cDNA as a probe,
a mRNA species of approximately 2.8 kb was revealed by
Northern blots in lung, pancreas, prostate, skeletal muscle,
placenta, brain, colon, heart, spleen, kidney, peripheral blood
leukocytes, liver, and small intestine (Fig. 4A). There was

® LTC, Fig. 2. A, calcium mobilization con-
O LTC4 +PTX centration-response curves of HEK-

293-CysLTR cells (stably expressed)
m LTD, to LTC, (@), LTD, (M), LTE, (A), and
O LTD4+PTX  LTB, ([). Results are expressed as

optical units and are the mean of
A LTE, three to five concentration-response
& LTE4 +PTX  cyrves run on individual plates from a

representative experiment of three
conducted. B, effects of pertussis
toxin (25 ng/ml for 18 h) on calcium
mobilization concentration-response

A B
120001 o 11C, . 14000

o 10000 m LTD, o 12000

E A LTE, = 10000

S 8000 O LTB, =

= T 8000

£ 6000 -}

& & 6000
4000- 4000
2000 2000+

0 0-
0 9 8 7 6 5 10 9 8

[Agonist] (-log M)

100

B>

(% 10 nM LTD 4 Response)

Inhibition

11 10 9 8 7
[Antagonist] (-log M)

[Agonist] (-log M)

® Zafirlukast
0 Pranlukast
B Pobilukast
A Montelukast

curves of HEK-293-CysLTR cells to
LTC, (@, O); LTD, (W, [); and LTE,
(A, A); the solid symbols represent
control responses, and the open sym-
bols are the responses after pertussis
toxin treatment. Results are ex-
pressed as optical units and are the
mean of three plates from a represen-
tative experiment of two experiments
run. C, inhibition of LTD,-induced
calcium mobilization by the CysLTR
antagonists pranlukast ((J), zafirlukast
(@), montelukast (A), and pobilukast
(M), in HEK-293-CysLTR cells. The in-
dicated concentrations of antagonists
were added 2 min before 33 nM LTD,.
Results are expressed as a percentage
of the response to LTD, in the absence
of antagonist and are the mean of four
plates; a representative of three exper-
iments is shown.
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little or no expression detected in ovary, thymus, and testes.
There was no difference in the expression of actin between
the individual samples (Fig. 4A). A key finding was the
demonstration of CysLTR expression in human bronchus
(Fig. 4B). In addition, the receptor was detected in U937 cells
(basal and dimethyl sulfoxide (DMSO)-differentiated) and
HL-60 (basal and DMSO-differentiated); in the latter cells,
differentiation with DMSO produced an increase in expres-
sion of CysLTR.

To confirm the presence of this CysLTR in human lung
tissue, RT-PCR analysis was performed using RNA from
normal and asthmatic human lungs. The results showed that
only the predicted 400-bp product was formed in both sets of
tissues; no bands were observed in the —RT control samples
(data not shown). Preliminary results of Northern experi-
ments suggest no difference in expression of CysLTR in lungs
from normal and asthmatic individuals (data not shown).

To extend the Northern data, TagMan-quantitative RT-
PCR analysis was performed to determine the relative levels
of CysLTR mRNA between tissues using samples from four
different nondiseased individuals (two males, two females,
except prostate). The TagMan data (Fig. 4C) confirm the
Northern data and show the highest CysLTR mRNA level in
peripheral blood leukocytes and spleen with otherwise wide-
spread distribution, and negligible level in bone. Tissue Cys-
LTR mRNA levels were found to be consistent across indi-
viduals (males and females) for any one tissue as indicated by
the error bars. B-actin levels in the same samples are shown
for comparison (Fig. 4C).

Discussion

There is pharmacological and biochemical evidence that
the diverse effects of the CysLTs are mediated via an inter-
action with at least two receptors that belong to the super-
family of GPCRs. The current results provide information on
the molecular cloning, expression, and characterization of a
CysLTR, which structurally belongs to the GPCR family of

100+ ® Pranlukast
O Zafirlukast
80 A Montelukast
%ﬁ B Pobilukast
2 60
-
=2
.; 40_
[
="
)
X 2041
0_

10 9 8 7 6
[Ligand] (-log M)

Fig. 3. Effects of the CysLT receptor antagonists pranlukast, zafirlukast,
montelukast, and pobilukast on competitive binding of [*H]-LTD, in
membranes of transiently expressed HEK-293-CysLTR cells. Results for
pranlukast (@), zafirlukast ((J), montelukast (A), and pobilukast (Hl) are
presented as percent specific binding and are given as the mean of four to
six experiments run with duplicate samples. The S.E.M.s for the individ-
ual points were <8%; for the sake of clarity the S.E.M.s were omitted
from the graphs.
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receptors. The relative low homology (28% identity at the
amino acid level) that this CysLTR has with the nonCysLT
LTB, suggests a relatively distant evolutionary relationship
between the two known leukotriene receptors; this CysLTR
has the highest homology to the P,y purinoceptor (31%
amino acid identity).

The relative potencies of the CysLTs for stimulation of
calcium mobilization in HEK-293-CysLTR cells (LTD, >
LTC, > LTE,) are similar to that observed in functional
studies in other cells and tissues, including human pulmo-
nary tissues (Muccitelli et al., 1987; Labat et al., 1992).
Furthermore, as in the present experiment in HEK-293-
CysLTR cells indicating that LTE, is a partial agonist for
eliciting calcium responses in these cells, previous studies in
DMSO-differentiated human U937 cells (Saussy et al., 1989),
human bronchus (Muccitelli et al., 1987), and sheep trachea
(Mong et al., 1989) also have provided evidence that LTE,
has lower intrinsic activity relative to LTC, and LTD,.

Additional studies are required to determine unequivocally
if this CysLT receptor corresponds to either of the previously
described CysLT; or CysLT, receptors, which were classified
based on a comparison of the rank order potency of agonists
and antagonists in various tissues from different species
(Coleman et al., 1995). Pharmacologically, the CysLTR de-
scribed herein has aspects of its profile, including agonist and
antagonist potencies and relative agonist efficacies, which
are similar in several respects to that of the CysLT; receptor,
rather than the CysLT, receptor. For example, contraction of
smooth muscles mediated by activation of CysLT; receptors
(e.g., in human bronchus) are, like [*H]JLTD, binding and
LTD,-induced Ca®* mobilization in HEK-293-CysLTR cells,
potently inhibited by the various receptor antagonists used
in this study (Hay et al., 1987; Krell et al., 1990; Jones et al.,
1995; Metters, 1995). In contrast, responses produced by
stimulation of the CysLT, receptor are not sensitive to these
compounds (Labat et al., 1992; Coleman et al., 1995; Gorenne
et al., 1996). However, there is recent information that the
proliferative effects of LTD, in human cultured tracheal
smooth muscle cells may be mediated by stimulation of an
atypical CysLTR that does not fit into the current classifica-
tion (CysLT; and CysLT,) (Panettieri et al., 1998).

The lack of effect of pertussis toxin on CysLT-induced
functional responses suggests that the G protein involved in
transfected cells is of the G,/,, rather than the G, class. The
LTD, -induced Ca®" response of the endogenous receptor ex-
pressed in differentiated human U937 cells is partially
blocked by pertussis toxin, suggesting that this receptor is
coupled to pertussis toxin-sensitive and -insensitive G pro-
teins (Saussy et al., 1989). The Ca®* response resulting from
activation of the cloned LTB, receptor expressed in CHO cells
was minimally inhibited by pertussis toxin (Yokomizo et al.,
1997), whereas the LTB,-induced response in leukocytes is
pertussis toxin-sensitive (Powell et al., 1996). The LTD,-
induced Ca®" response in stable HEK-293-CysLTR cells was
minimally affected by removal of extracellular Ca®?", indicat-
ing that the response was the result of release from intracel-
lular stores. This is different from the Ca®" response in
differentiated U937 cells where most of the Ca®" response
was lost when extracellular Ca®* was removed (Saussy et al.,
1989). Differences in the G proteins expressed in transfected
cells compared with cells endogenously expressing the recep-
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tors could account for these different sensitivities to pertussis
toxin and extracellular calcium.

The presence of the CysLTR in human lung, including
bronchus, agrees with previous functional studies and sup-
ports the convincing evidence from preclinical and clinical
studies that the CysLTs play an important role in asthma
pathogenesis. Although our preliminary assessment using
RT-PCR suggested no alterations in the level of expression of
the CysLTR in lungs from asthmatic versus nonasthmatic
individuals, additional studies, in particular at the protein
level, are required to determine whether alterations in the
CysLTR expression occur in diseases of the lung and other
tissues. The strong expression of the receptor on PBLs sug-
gests that the CysLTs may have an impact on the function of
T-cells, which are thought to be key cells in a variety of
immune and inflammatory disorders. Furthermore, the lo-
calization of this CysLTR on U937 cell suggests that this is
the endogenous receptor on this cell line, which has been
used as a cellular system to identify and evaluate CysLTR
antagonists; however, it does not preclude the existence of
additional CysLTRs. Additional investigation is required to

A P,
5.3 .. F
Egizgg%é%i??%isé

CysLTR -

T =-fu‘l- " B3
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determine whether the presence of the receptor in other
tissues has any pathophysiological significance.

During the review of this manuscript there was a pub-
lished report outlining the characterization of a CysLTR,
which was classified as a CysLT, receptor (Lynch et al., 1999;
GenBank accession number, AF 119711). The sequence of the
gene described in that publication is identical with
HMTMF81 discussed herein, and similar findings were ob-
tained in pharmacological and localization experiments in
the two separate studies. For example, the absolute and
relative potencies of pranlukast, zafirlukast, and monte-
lukast for inhibition of the binding of [*HILTD, to the ex-
pressed CysLTR were essentially the same. Furthermore, the
Northern analysis profiles were similar in both studies, with
high RNA expression in PBLs and spleen, and detection of
lower level expression in several other tissues.

In summary, the results of the present functional, binding,
and localization studies provide evidence that the CysLTR
described in this publication corresponds in many respects to
the CysLT; receptor, which is responsible for the contractile
responses to the CysLTs in several mammalian airway tis-
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U937 diff.

Fig. 4. Northern blot (A, B) and Taq-
Man (C) analysis of CysLTR in hu-
man tissues and cell lines. These
studies were performed using human
multiple tissue blots purchased from
Clontech (A) and various in-house cell
lines and human bronchus (B) as de-
scribed in Experimental Procedures.
A and B, size of the transcripts are
indicated on the right. PBLs, periph-
eral blood leukocytes; diff., DMSO-
differentiated. C, TagMan-quantita-
tive RT-PCR analysis of mRNA levels

in human tissues. The cDNA from the
reverse transcription of 1 ng poly A+

RNA from multiple tissues for four
different nondiseased individuals was

assessed for its CysLTR and house-
keeper genes (B-actin shown) using
TagMan PCR. Data are presented as

the mean = S.E.M. of four individu-
als’ mRNA levels for each tissue,

other than the intestine, which is an
equal pool of one individual’s small

and another individual’s large intes-
tine.
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sues, including human bronchus. It is anticipated that the
discovery of the described CysLTR may lead to the identifi-
cation of additional CysLTR subtypes, other possible thera-
peutic opportunities for CysLTR antagonists, and a renais-
sance in CysLT research.
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