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Receptor for Motilin Identified
in the Human Gastrointestinal
System
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Motilin is a 22—amino acid peptide hormone expressed throughout the gas-
trointestinal (GI) tract of humans and other species. It affects gastric motility
by stimulating interdigestive antrum and duodenal contractions. A heterotri-
meric guanosine triphosphate-binding protein (G protein)—coupled receptor for
motilin was isolated from human stomach, and its amino acid sequence was
found to be 52 percent identical to the human receptor for growth hormone
secretagogues. The macrolide antibiotic erythromycin also interacted with the
cloned motilin receptor, providing a molecular basis for its effects on the human
Gl tract. The motilin receptor is expressed in enteric neurons of the human
duodenum and colon. Development of motilin receptor agonists and antago-
nists may be useful in the treatment of multiple disorders of GI motility.

Gastrointestinal motility is a coordinated neu-
romuscular process that transports nutrients
through the digestive system (/). Impaired GI
motility, which can lead to gastroesophageal
reflux disease, gastroparesis (diabetic and
postsurgical), irritable bowel syndrome, and
constipation, is one of the largest health care
burdens of industrialized nations. Motilin, a
peptide that is secreted by enterochromaffin
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cells of the small intestine (2), exerts a pro-
found effect on gastric motility by inducing
interdigestive (phase III) antrum and duode-
nal contractions (3—5). The structurally unre-
lated macrolide antibiotic erythromycin in-
duces similar effects that are perhaps medi-
ated by interaction with motilin receptors in
the GI tract, accounting for erythromycin’s
side-effects, including vomiting, nausea, di-
arrhea, and abdominal muscular discomfort
(6, 7).

Motilin is highly conserved across species
and is synthesized as part of a larger inactive
prohormone. Mature motilin (22 amino acids)
is generated by removal of its secretory signal
peptide and cleavage in its COOH-terminus
(8~11). Although high-affinity binding sites for
motilin have been detected in the GI tract of
humans and other species and in the central
nervous system of rabbits, their molecular
structure has remained undefined (12-16).
High-affinity (dissociation constant, K; ~ 2
nM) and low-density (binding capacity, B~

max
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20 fmol per milligram of protein) binding sites
for motilin are present in smooth muscle cells
of the GI tract of humans, cats, and rabbits
(12-17) and in rabbit cerebellum (18).

G protein—coupled receptors (GPC-Rs) re-
lated to the hypothalamic and pituitary receptor
for the growth hormone secretagogues (GHSs)
(19) were cloned from human genomic DNA
libraries (20). GHSs mediate sustained pulsatile
growth hormone release (27). One of these
clones, GPR38, showed a 52% overall amino
acid sequence identity to the human GHS re-
ceptor (GHS-R), with 86% sequence identity in
the transmembrane (TM) domains. GPR38 was
classified as an orphan GPC-R because its nat-
ural ligand had not yet been identified. Expres-
sion of RNA encoding GPR38 was found in
human stomach, thyroid, and bone marrow.
The GPR38 protein sequence was predicted
solely on the basis of genomic DNA sequence
because efforts to isolate cDNA clones by stan-
dard library screening proved unsuccessful and
exon-intron boundaries could not be resolved
(20).

Here, we isolated cDNA clones represent-
ing correctly spliced GPR38 mRNA using a
combination of techniques. Rapid amplification
of ¢cDNA ends (RACE) and reverse transcrip-
tase polymerase chain reaction (RT-PCR) were
conducted on RNA isolated from human thy-
roid and from cells transfected with an expres-
sion plasmid containing the GPR38 intron. Two
distinct sequences were revealed that corre-
spond to alternative use of two splice-donor
sequences and a common splice-acceptor se-
quence (22). GPR38-A mRNA encoded a
polypeptide of 412 amino acids with seven
predicted a-helical TM domains, the hall-
mark feature of GPC-Rs (23), whereas
GPR38-B mRNA encoded a 386—amino
acid polypeptide with five predicted TM
domains (Fig. 1). GPR38 was shown to be
a single conserved gene in mammals (20)
and map to human chromosome 13q14-q21,
though defects in GI function that map to
this region have not been reported. To de-
termine if the GPR38 gene is conserved
distantly in evolution, we identified a relat-
ed gene (75E7) in the teleost puffer fish
Spheroides nephelus (which evolved ~400
million years ago), a species that contains
~90% of all mammalian genes (24). The
protein sequence for 75E7 was 54% iden-
tical to human GPR38 (47% to the human
GHS-R), contained a similar exon-intron
structure, and therefore may represent an
ortholog of the human GPR38 (25).

GHS-Rs and native receptors for motilin
appear to be GPC-Rs that activate the phos-
pholipase C signal transduction pathway (16,
21). Hence, to identify a ligand for GPR38-A
that contains seven TM domains, we devel-
oped a high-throughput assay that measures
Ca* release with aequorin, a bioluminescent
Ca?*-sensitive reporter protein. In this assay,
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activation of a GPC-R by a ligand induces
inositol trisphosphate—coupled mobilization of
intracellular calcium and concomitant calcium-
induced aequorin bioluminescence (26-28). A
broad set of peptide and nonpeptide molecules
was tested at a single concentration (100 nM
peptide, 1 wM nonpeptide) in a stable cell line
expressing aequorin (HEK-293/aeql7) in the
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GPR38-A (MTL-R1A): 7-TM, 412 amino acids

presence and absence of GPR38-A protein that
was expressed transiently (28). GPR38-A was
expressed as a single protein species of relative
molecular mass ~45,000 (29). These sets
(>500 substances) contained ligands for known
and unknown membrane receptors, ion chan-
nels, and intracellular signaling enzymes and
receptors (30). A bioluminescent response that
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Fig. 1. [dentification of two alternatively spliced forms of GPR38 (MTL-R1) (39). [A comparison of
these two forms to human GHS-R and puffer fish clone 75E7 is available as supplementary material
(25)]. GPR38-A (MTL-R1A) mRNA is formed by joining nucleotide 901 (donor A: imperfect splice
donor C/gt) to nucleotide 1703 of the genomic GPR38 clone (perfect acceptor sequence-ag/TG).
Formation of this splice junction results in the donor supplying C and the acceptor supplying TG
to form the triplet codon for leucine- 301 (indicated by an arrow). GPR38-B mRNA is formed by
joining of nucleotide 1051 (donor B: perfect splice donor-CG/gt) to the same acceptor as for
GPR38-A. Formation of this splice junction results in the donor supplying CG and the acceptor
supplying T to form the triplet codon for arginine-351 (indicated by an arrow). Donor and acceptor
sites are diagrammed above each splice form with intron sequence shown in lower case type.
Nucleotide and protein sequence numbering are given for the open reading frame sequence for
GPR38-A and GPR38-B. TM represents predicted transmembrane domains; they are indicated by

bold type and numbered 1 to 7.
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Table 1. Pharmacology of native and cloned motilin receptors. Potencies are
listed of various motilin peptides (analogs and truncated forms) and nonpep-
tide Gl-active drugs against the native rabbit motilin receptor and the cloned
human MTL-R1TA. The rank order of potency for motilin-derived peptides
correlates with respect to binding and functional assays performed on native
rabbit motilin receptors (human '2%-motilin binding and muscle strip con-
tractility responses) and the cloned human receptor (human '2%|-motilin
binding and aequorin bioluminescence). Gl-active drugs whose mechanism of

action is distinct from motilin (cisapride: serotonin receptor mixed agonist
and antagonist; metoclopromide: dopamine receptor antagonist) do not bind
or functionally activate the cloned human MTL-RTA at doses as high as 10
wM. Values for the human MTL-R1A are from a single experiment repeated
three times =10 SEM. Native rabbit motilin receptor data are compiled from
(7, 33, 34). NA denotes data not available. Residues that differ from human
motilin are underlined. Amino acid abbreviations are in (39) (L" denotes
norleucine).

Cloned motilin receptor (human)

Native motilin receptor (rabbit)

Peptide or nonpeptide drug

125]-Motilin binding

Aequorin assay 125]-Motilin binding Contractility assay

2186

(ICs,, nM) (ECy,, nM) (IC4y, nM) (ECsy, nM)
1 5 10 15 22
Human 1-22 FVPIFTYGELQRMQEKERNKGQ 0.2 2.2 0.6 1
1-19 FVPIFTYGELQRMQEKERN 0.3 4.1 0.9 9
1-13 FVPIFTYGELQRM 0.3 3.8 15 100
1-12 FVPIFTYGELQR 0.9 72 76 324
1-11 FVPIFTYGELQ 142 138 150 642
1-9 FVPIFTYGE >10,000 >10,000 3,900 >10,000
1-7 FVPIFTY >10,000 <10,000 2,800 >10,000
1-5 FVPIF : >10,000 >10,000 3,800 >10,000
2-22 VPIFTYGELQRMQEKERNKGQ 33 626 NA >1,000
10-22 LQRMQEKERNKGQ >10,000 >10,000 417 9,000
BLeu 1-22 FVPIFTYGELQRLQEKERNKGQ 09 3.6 0.7 7
BnLeu'“Glu 1-22 FVPIFTYGELQRLEEKERNKGQ 0.3 10 NA NA
3Phe!*Leu 1-22 FVFIFTYGELQRLQEKERNKGQ 1.3 >10,000 NA NA
Rabbit 1-22 FVPIFTYSELQRMQERERNRGH 0.2 13 NA NA
Dog 1-26 FVPIFTHSELQKIREKERNKGQ 0.5 4 1 3
IRNK
Erythromycin 282 2,900 43 302
Roxithromycin 613 3,200 NA NA
Metoclopromide >10,000 >10,000 NA NA
Cisapride >10,000 >10,000 NA NA

was greater than four times background (deter-
mined in the absence of GPR38 expression)
was recorded for both the peptide motilin and
the nonpeptide macrolide erythromycin, which
was reported to be an agonist of native motilin
receptors  (37). Concentration dependence
curves confirmed this observation (Fig. 2). The
half-maximal effective concentration (EC) for
human and porcine motilin was 2.2 nM, where-
as erythromycin was less potent (ECs, of 900
nM), consistent with studies performed on na-
tive motilin receptors (/4). Binding of !?°I-
labeled human motilin (32) to cell membranes
prepared from transfected cells that expressed
GPR38-A (Fig. 3, A and B) showed that
GPR38-A conferred high-affinity, saturable,
and specific binding through two distinct bind-

Fig. 2. Activation of the MTL-R1A receptor.
Concentration-dependent increases in lumines-
cence were observed with motilin, erthryomy-
cin, and roxithromycin, but not with cisapride
and metclopromide [EC,, (nM): 2.2, 2900,
3200, >10,000, >10,000, respectively]. A HEK-
293 cell line stably expressing the biolumines-
cent indicator aequorin [HEK-293/aeq17; (26)]
was transfected with a MTL-RTA expression
plasmid (28). Cells were then exposed to the
test ligands, and the integrated luminescence
was recorded over 30 s. Activation (%) repre-
sents the luminescent response normalized to a

ing sites (K;; = 111 pM, K, = 960 pM; B,
= 240 fmol/mg, B, .., = 520 fmol/mg). Over-
expression of the cloned GPR38-A may deplete
available G proteins needed for high-affinity
binding, thus accounting for the observation of
two binding sites (33). Both binding sites were
G protein coupled (>80% inhibition of binding
with 100 nM guanosine 5'-O-(3’-thiotriphos-
phate). On the basis of this data, GPR38-A was
renamed motilin-R1A (MTL-R1A).
Structure-function analyses of a series
of truncated motilin peptides (Table 1 and
Fig. 3C) show that the motilin peptide min-
imally contains an NH,-terminal region
(amino acids 1 to 11) essential for biolog-
ical activity, and a COOH-terminal «-heli-
cal domain that stabilizes the NH,-terminus

W human motilin
100 A roxithromycin
A erythromycin
D 807 o cisapride
4
St vV metoclopromide
®o 60
> o
E% 4«
g
20
0 - ¢
T T T T T ]
0 -1 -10 -9 -8 7 -6 -5

-log [ligand (M)]

maximum response evoked by 10 M motilin. Data for each point on the dose-response curve
represent the average of triplicate measurements for each sample (£10% SEM).

(34, 35). The rank order of potency of
several motilin peptide analogs determined
with the cloned MTL-R1A in the MTL-
R1A functional and binding assays corre-
lated with their reported potency measured
by muscle-strip organ contraction and na-
tive receptor binding assays (Table 1). The
NH,-terminal fragments from amino acid 1 to
12 were similar in potency to full-length motilin
(amino acids 1 to 22), and removal of the first
amino acid resulted in a significant drop in
potency. Erythromycin and the related macro-
lide roxithromycin gave median inhibitory con-
centration (IC,,) values, respectively, of 281
and 613 nM and ECy, values of 2900 and 3200
nM. The structurally unrelated GI motility—
stimulating drugs metoclopromide and cisa-
pride, which have affinity for dopamine and
serotonin receptors, respectively, were inactive
even at high (micromolar) doses.

MTL-R1A RNA was expressed in a sub-
set of interstitial cells in the human duode-
num, jejunum, and colon (Fig. 4) (36). These
cells also demonstrated immunoreactivity for
neuron-specific enolase. In the colon, most
MTL-R1A-positive cells also expressed ni-
tric oxide synthase (NOS), the enzyme re-
sponsible for production of nitric oxide, a
major inhibitory gut neurotransmitter (Fig.
4C). In addition, a small number of cells
stained positive for choline acetyl transferase,
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Fig. 3. Binding of human "2%I-motilin to crude
membranes of HEK-293 cells expressing MTL-
R1A. (A) Saturation isotherm. Increasing con-
centrations of radioligand were used to dem-
onstrate saturable and specific binding: squares,
total binding; triangles, nonspecific binding; and
inverted triangles, sEecific binding. (B) Scat-
chard analysis of '2°I-motilin binding satura-
tion isotherm suggests two binding sites of
different affinities and binding capacities
(bound units are femtomole per milligram of
protein; free units are nanomolar). (C) ComE -
tition analysis for the binding of 0.2 nM 25]-
human motilin. Potencies obtained for inhibi-
tion of radioligand binding were in accord with
results from the aequorin functional assay (Fig.
2) [ICso (nM): 0.2 (human motilin), 0.5 (canine
motilin), 282 (erythromycin), 613 (roxithromy-
cin), >10,000 (cisapride), >10,000 (metclopro-
mide]. Binding in the absence of excess unla-
beled human motilin (100 nM) represents
-100% of control binding. Binding data were
analyzed by a nonlinear curve-fitting program
(Prism, version 2.0; GraphPad Software, San
Diego, CA). Results shown are the means
(*=SEM) of triplicate determinations.

a synthetic enzyme for acetylcholine, the ma-
jor stimulatory neurotransmitter of the gut.
This expression pattern suggests that motilin
may be stimulatory in the colon as well as in
other levels of the human GI tract, because
NOS-positive smooth muscle motor neurons
are thought to inhibit distal circular smooth
muscle activity in advance of a stimulatory
bolus (37). In the duodenum, a separate pop-
ulation of cells having an elongate appear-
ance consistent with smooth muscle were
also MTL-R1A—positive (Fig. 4D). Finally,
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analysis of human MTL-R1A expression
with mRNA extracted from additional re-
gions of the GI tract revealed transcripts in
esophagus, ileum, and jejunum (38).

To our knowledge, the receptor for a nat-
ural hormone has not been identified before
by mass screening. The high amino acid se-
quence identity between MTL-R1A and
GHS-R implies that motilin and a natural
ligand for the GHS-R, which has yet to be
identified, may also be related. The identifi-
cation of the human MTL-R will aid the
development of safe and selective motilin
receptor agonists and antagonists useful for
the treatment of GI disorders and help eluci-
date the role of motilin in human physiology.
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