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a b s t r a c t

Studies with fragments of the gastrointestinal peptide, motilin, indicate that the C-terminal

region of this peptide plays an important role in the desensitization of the motilin receptor

(MTLR).

Aim: To verify this hypothesis we studied the desensitization, phosphorylation and inter-

nalization induced by motilin analogues of different chain length with agonistic and

antagonistic properties in CHO–MTLR cells.

Methods: We studied motilin [1–22], the [1–14] fragment, the analogues Phe3[1–22] and

Phe3[1–14], and two putative antagonists, GM-109 and MA-2029 (modified 1–4 and 1–3

fragments). Activation and desensitization (2 h preincubation with the motilin analogues

10 mM) were studied in CHO–MTLR cells by an aequorin based luminescence assay. Phos-

phorylation was studied by immunoprecipitation and internalization was visualized in

CHO–MTLR cells containing an enhanced green fluorescent protein (CHO–MTLR–EGFP).

Results: Motilin [1–22] and [1–14] were more potent than Phe3[1–22] and Phe3[1–14] (pEC50: 9.77,

8.78, 7.36 and 6.65, respectively) to induce Ca2+ release. GM-109 and MA-2029 were without

agonist activity. [1–22] and Phe3[1–22] decreased the second response to motilin from 78� 2%

to 11� 3% and 34� 3% (P < 0.001), respectively, whereas [1–14], Phe3[1–14], GM-109 and MA-

2029 had no desensitizing effect (68� 5%,78 � 3%,78� 6% and 78 � 5%, respectively,P > 0.05).

The rank order of MTLR-phosphorylation was: [1–22] > [1–14]> Phe3[1–22] = Phe3[1–14]> GM-

109 = MA-2029. Only motilin [1–22] and [1–14] induced receptor MTLR–EGFP internalization as

shown by a decrease in membrane fluorescence: 20 � 3% and 7� 3%, respectively.

Conclusion: The C-terminus of motilin enhances desensitization, phosphorylation and

internalization of the MTLR while modifications of the N-terminus can favor a conformation

of the receptor that is less susceptible to phosphorylation and internalization.

# 2006 Elsevier Inc. All rights reserved.
1. Introduction

The 22 amino acid peptide, motilin, is an important endocrine

regulator of gastro-intestinal motility, involved in the induc-

tion of the migrating motor complex during the interdigestive
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period [1,2]. The finding that the antibiotic erythromycin is a

motilin agonist and that motilin and erythromycin accelerate

gastric emptying in patients with diabetic gastroparesis has

stimulated research for the development of motilin agonists

as therapeutic agents in the treatment of hypomotility
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disorders [3–7]. As a result, more potent erythromycin

derivatives with motilin agonistic properties were developed

without antibacterial activity: the motilides. However the

most promising one, ABT-229, failed in clinical trials [8,9].

Desensitization or the loss in the responsiveness of a

signaling system, protecting the cell against both acute and

chronic overstimulation, significantly limits the therapeutic

usefulness of many receptor agonists and tachyphylaxis may

have contributed to the failure of the motilide ABT-229 in

clinical trials [10,11]. Indeed, using a cellular model of Chinese

hamster ovary CHO cells expressing the motilin receptor,

Thielemans et al. [12] showed that motilides markedly differ in

their ability to desensitize the motilin receptor which was not

solely determined by their potency. In particular ABT-229 had

a much stronger desensitizing potency than may be expected

from its activity. The decline of the contractile response in

duodenal segments after stimulation with motilides corre-

lated with the potency to desensitize, validating the model of

the CHO cells. Consistent with this finding is a recent study of

Lamian et al. [13] on agonist-induced motilin trafficking. These

authors clearly showed that intracellular trafficking of

identical motilin receptor molecules varies substantially with

different ligands according to their distinct agonist properties.

Three distinct regions have been delineated in the

interaction of motilin with its receptor: the N-terminal region

(amino acids 1–7) constitutes the minimal basic unit of binding

and activity. By using motilin fragments and performing a D-

amino acid and alanine scan it was shown that the

pharmacophore consists of the aromatic rings from Phe1

and Tyr7 and the aliphatic side chains of Val2 and Ile4 [14–16]. A

transition region (amino acids 8–9) links the N-terminal and C-

terminal regions; and the C-terminal region (amino acids 10–

22) forms an alpha-helix that stabilizes the interaction of the

N-terminal residues at the active site [17]. However the alpha-

helix may also play another role. Studies with motilin

fragments indicated that the C-terminal domain of motilin

may play an important role in the desensitization process

since C-terminal elongation of the motilin (1–14) fragment

promoted full desensitization [18].

In order to confirm the separation between N-terminal

activation and C-terminal desensitization we tested the

ability of full and partial motilin agonists and antagonists

of different chain length to induce desensitization of the

motilin receptor expressed in the CHO–MTLR system. We

used [Leu13]-motilin (1–22) and [Leu13]-motilin (1–14), which

lacks a large part of the C-terminus but is nevertheless a full

agonist. It has been shown that substitution of residue 3,

proline, by phenylalanine introduces antagonist properties

[19,20]. Therefore we also used [Phe3, Leu13]-motilin (1–22)

and [Phe3, Leu13]-motilin (1–14), as well as two other putative

antagonists GM-109 and MA-2029. GM-109 is a modified

cyclical analogue of the [1–4] fragment of motilin. MA-2029 is

a linear modified analogue of the [1–3] fragment of motilin.

The different compounds will further be referred to as [1–22],

[1–14], Phe3[1–22], Phe3[1–14], GM-109 and MA-2029. By

correlating changes in receptor binding affinity with potency

to induce Ca2+ fluxes, to phosphorylate and internalize

(visualized by using a CHO–MTLR–EGFP system), we aimed

to elucidate how activation, desensitization and internaliza-

tion are linked.
2. Materials and methods

2.1. Test compounds

Norleucine13-procine-motilin (motilin) was purchased from

Eurogentec (Namur, Belgium). The N-terminal 1–14 fragment

of porcine[Leu13]motilin and the antagonists [Phe3, Leu13]-

porcine-motilin (1–14) and [Phe3, Leu13]porcine-motilin (1–22)

were synthesized as previously described [14,16] whereas the

antagonists GM-109 (Phe-cyclo[Lys-Tyr(3-tBu)-Ala-.trifluor-

oacetate) and MA-2029 (N-ethyl-(4-fluoro-N-methyl-L-phe-

nylalanyl-N-methyl-L-valyl)-3-tert-butyl-L-tyrosinamide

hydrochloride hydrate) were a gift from Dr. H. Takanashi and

O. Cynshi (Chugai Pharmaceutical Company, Gotemba,

Japan).

2.2. Cell culture

A Chinese hamster ovary cell line (CHO) stably expressing the

human motilin receptor (CHO–MTLR) and the mitochondrially

targeted Ca2+ indicator apoaequorin were obtained from

Euroscreen SA (Brussels, Belgium). Construction of CHO cells

expressing apoaequorin and the MTLR C-terminally tagged

with an EGFP (enhanced green fluorescent protein) (CHO–

MTLR–EGFP) was performed as previously described [12]. The

cells were cultured at 37 8C in Ham’s F12 containing 10% fetal

bovine serum (FBS), 100 mg/ml streptomycin, 2.5 mg ampho-

tericin B (Invitrogen, Carlsbad, CA) and 400 mg G418 (Sigma, St.

Louis, MO, USA) and spliced weekly with 5 mM EDTA in

phosphate buffered saline (PBS).

2.3. Receptor binding studies

Confluent (90%) CHO–MTLR cells were scraped from the plates

in Ca2+/Mg2+ free PBS and centrifuged (3 min, 1500 � g). Pellets

were re-suspended in a buffer containing 15 mM Tris–HCl pH

7.5; 2 mM MgCl2; 0.3 mM EDTA; 1 mM EGTA and homogenized.

The crude membrane fraction was collected by two con-

secutive centrifugation steps at 40,000 � g for 25 min sepa-

rated by a washing step in the same buffer. The final pellet was

re-suspended in a buffer containing 7.5 mM Tris–HCl pH 7.5;

12.5 mM MgCl2; 0.3 mM EDTA; 1 mM EGTA; 250 mM sucrose,

and flash frozen in liquid nitrogen.

The protein content was determined by the Folin method

[21]. Receptor binding studies were performed by incubating

CHO–MTLR membranes (4 mg of protein/tube) in a final

volume of 0.1 ml with [125I]-motilin (0.5 nM) for 60 min at

30 8C. Displacement curves were obtained by adding increas-

ing concentrations (10�11 to 10�5 M) of unlabelled test

compound in binding buffer (25 mM Hepes pH 7.4; 1 mM

CaCl2; 5 mM MgCl2; 0.5% BSA). After incubation, the samples

were filtered on GF/B filters presoaked for at least 1 h in 0.5%

BSA. Filters were washed three times with ice cold washing

buffer (same composition as binding buffer, supplemented

with 0.5 M NaCl), collected and counted in a gamma counter.

All values were corrected for non-specific binding deter-

mined by addition of an excess (10�5 M) of unlabelled

motilin. Each compound was tested three times in duplicate.

pIC50 values were determined by non-linear regression and

motilin receptor density (Bmax) was estimated by analysis of
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homologous competition curves using GraphPad Prism 4.0

software (San Diego, CA, USA).

2.4. Ca2+ measurements: aequorin based luminescence
assay

2.4.1. Receptor activation
Agonist-induced Ca2+ fluxes in the CHO–MTLR cell line were

determined by measuring the luminescence response emitted

after binding of the released Ca2+ by aequorin as previously

described [22]. Briefly, cells were incubated with 5 mM

coelenterazine h (Molecular Probes, Leiden, The Netherlands)

for at least 2 h at room temperature in order to reconstitute

active aequorin. Cells were then diluted 10-fold and concen-

tration–response curves were obtained by injection of cells (i.e.

50,000 cells) in each well of a 96-well plate, containing 100 ml

aliquots of increasing concentrations (10�12 to 10�5 M) of [1–

22], Phe3[1–22], [1–14], Phe3[1–14], GM-109 and MA-2029 diluted

in BSA-medium. After injection of the cells, the emitted light

was recorded during 20 s by using the ‘Microlumat plus’

luminometer (Berthold Technologies, Bad Wildbad, Germany).

To screen the antagonistic properties of the compounds, their

ability to inhibit the Ca2+ luminescent response to motilin was

determined. For this purpose pre-loaded cells were injected in

a 96-well plate containing 100 ml aliquots of a dose–response

curve to motilin (10�12 to 10�5 M) and a fixed concentration in

each well of 10�6 M of Phe3[1–22], Phe3[1–14], GM-109 or MA-

2029. The Ca2+ response was expressed as a percentage of

maximal stimulation obtained with Triton X-100 (0.9%). pEC50

values were determined by non-linear regression using

GraphPad Prism 4.0 software (San Diego, CA, USA). All

experiments were performed in duplicate and each compound

was tested at least three times.

2.4.2. Receptor desensitization
To induce desensitization, cells were pre-stimulated with the

test compound at 10�5 M or buffer for 2 h at 37 8C during

loading with coelenterazine h, washed and centrifuged before

dose–response curves to motilin were established. The degree

of desensitization was calculated from the shift and the

depression of the dose–response curves to motilin of pre-

treated compared to buffer-treated cells.

2.5. Receptor phosphorylation

Before the start of the experiment, confluent CHO–MTLR–EGFP

cells were pre-incubated at 37 8C for 24 h with 10 ml

phosphate-free DMEM (Invitrogen, Carlsbad, CA). On the day

of the experiment, cells were incubated with 200 mCi/ml

[32P]orthophosphate (Amersham Biosciences) in phosphate-

free DMEM for 2 h at 37 8C while shaking. Loaded cells were

then stimulated with 10�5 M of the test compound for 10 min

at 37 8C and washed three times on ice with ice cold KRH buffer

(25 mM HEPES, 124 mM NaCl, 5 mM KCl, 1.25 mM MgSO4,

1.45 mM CaCl2, 1.25 mM KH2PO4 and 8 mM glucose, pH 7.4).

Cells were treated with lysis buffer (20 mM Tris, 100 mM

(NH4)2SO4, 10% glycerol, 1 mM NaVO3, 0.03 mM okadaic acid,

pH 7.5), containing protease inhibitor cocktail tablets (Roche,

Indianapolis, IN, USA). The collected cell suspension was

subjected to one cycle of quick freezing, using liquid nitrogen,
and subsequent thawing. Cell lysates were cleared by

centrifugation at 500 � g for 10 min at 4 8C, and the super-

natant was subjected to ultracentrifugation at 30,000 � g for

25 min at 4 8C. Pellets were re-suspended in lysis buffer with

dodecyl maltoside (2 mg/sample) (Boehringer Mannheim,

Germany) and incubated for 45 min at 4 8C with gentle

agitation, followed by centrifugation at 15,000 � g at 4 8C for

20 min. The cleared supernatant was processed for immuno-

precipitation for 150 min at 4 8C with protein A-Sepharose

beads (Sigma, St. Louis, MO, USA) pre-incubated for 2 h at 4 8C

with an EGFP-antibody (1:200 dilution, BD Biosciences, San

Jose, CA, USA) and pre-cleared with lysis buffer. The protein A-

Sepharose beads were isolated by centrifugation at 15,000 � g,

washed with lysis buffer, four times with lysis buffer/H2O (1:1)

and once with H2O. The protein A-Sepharose was then re-

suspended in SDS-PAGE sample buffer (4% SDS, 0.125 mM

Tris–HCl, pH 6.8, 20% glycerol, 0.02% bromophenol blue, 0.2 M

DTT), samples were heated at 60 8C for 10 min and centrifuged

at 15,000 � g for 10 min. The supernatant was run on a 10%

SDS-PAGE gel. Gels were dried and 32P was detected with

Storm 860 PhosphorImager (Molecular Dynamics) and quan-

tified by using the ImageQuant software.

2.6. Visualization of CHO–MTLR–EGFP internalization

Internalization of the MTLR during desensitization was

visualized by using the EGFP-tagged receptor. CHO–MTLR–

EGFP cells were grown on four-well coverglass chambers until

80% confluency. After washing with ice cold BSA medium,

digital pictures of the same cells before and after 2 h

stimulation at 37 8C with BSA medium containing 10�5 M of

the test compound were made with an Olympus camera on an

inverted NIKON microscope (40� oil) equipped with a

fluorescence unit and filtered with filter cube B-2A (EX

BP540-580, DM RK595, EM BA 600-610).

The percentage black and white at the membrane and in

the cytosol was calculated for eight cells per test compound

before and after stimulation using Scion Image (Scion

Corporation, Frederick, MD) and compared to non-treated

cells. Each test compound was evaluated in three different

experiments.

2.7. Statistical analysis

Results are represented as mean � standard error of the mean

(S.E.M.). Data were analyzed by one-way ANOVA followed by

Tukey’s post hoc test (GraphPad InStat Software, San Diego,

CA, USA). P values lower than 0.05 were considered to be

significant.
3. Results

3.1. Characteristics of the motilin analogues

The affinity of the motilin analogues for the motilin receptor

was tested in receptor binding studies, and their potency was

evaluated by Ca2+ luminescence measurements in CHO–MTLR

cells (Fig. 1). The binding studies indicated that Phe3[1–22] and

motilin [1–22] had the highest affinity with displacement
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Fig. 1 – (A) Displacement curves obtained by incubating membrane preparations from CHO cells expressing the MTLR with

[125I]-motilin and increasing concentrations of unlabeled motilin or motilin fragments/analogues. Membrane bound [125I]-

motilin is expressed as percentage specific binding. (B) Concentration-dependent effects of motilin and motilin fragments/

analogues on the Ca2+-induced luminescent response in CHO–MTLR cells expressing the Ca2+ indicator apoaequorin. The

Ca2+ response is expressed as percentage of the response to 0.9% Triton X-100 inducing a maximal Ca2+ release. Results are

the mean W S.E.M. of three experiments performed in duplicate.
potencies (pIC50) of 9.08 � 0.07 and 9.02 � 0.05, respectively,

followed by the MA-2029 (8.26 � 0.07) and Phe3[1–14]

(7.98 � 0.12) and the more weaker compounds GM-109

(7.55 � 0.06) and the truncated motilin analogue [1–14]

(7.10 � 0.06). The displacement curves are shown in Fig. 1A

and the pIC50 values summarized in Table 1.

Pronounced differences were observed in the potencies to

induce Ca2+ fluxes (pEC50), as is illustrated in Fig. 1B. Full length

motilin [1–22] was the most potent compound (9.77 � 0.09,

maximal Ca2+ response: 83 � 2%). Shortening of the peptide to

fragment [1–14] reduced the pEC50 value (8.78 � 0.06, P < 0.05

versus [1–22]) but did not affect the maximal Ca2+ response

(87 � 1%, P > 0.05 versus [1–22]). The potency of the modified

motilin, Phe3[1–22] (7.36 � 0.13, P < 0.001 versus [1–22]), and

the modified motilin fragment, Phe3[1–14] (6.65 � 0.15,

P < 0.001 versus [1–14]), was 257- and 135-fold lower compared

to [1–22] and [1–14], respectively. The maximal Ca2+ response

to Phe3[1–22] and Phe3[1–14] was also lower 63 � 4% (P < 0.01

versus [1–22]) and 46 � 5% (P < 0.001 versus [1–14]), respec-

tively. GM-109, the modified cyclical [1–4] fragment, still had
Table 1 – Experimental parameters for the different motilin an
studies and the Ca2+ luminescence experiments

Test method Binding (pIC50 � S.E.M.)

First re

pEC50 � S.E.M.

[1–22] 9.02 � 0.05 9.77 � 0.09

[1–14] 7.10 � 0.06 8.78 � 0.06

Phe3[1–22] 9.08 � 0.07 7.36 � 0.13

Phe3[1–14] 7.98 � 0.12 6.65 � 0.15

GM-109 7.55 � 0.06 5.80 � 0.38

MA-2029 8.26 � 0.07 Inactive

a Emax is the maximal Ca2+ response expressed in % Triton X-100 respon
some small agonist activity (pEC50: 5.80 � 0.38, intrinsic

activity: 8 � 2%) but MA-2029, the modified linear [1–3]

fragment, was without any activity. The pEC50 values together

with the Emax values for all motilin analogues tested are

summarized in Table 1.

In order to further characterize the agonistic or antag-

onistic properties of Phe3[1–14], GM-109 and MA-2029, the

dose–response curve to motilin was tested in the presence of

10�6 M of these analogues. Fig. 2 shows that MA-2029 and GM-

109 shifted the response to full length motilin [1–22] from

9.92 � 0.10 (pEC50) to 7.48 � 0.08 (P < 0.001 versus buffer) and

8.07 � 0.25 (P < 0.001 versus buffer) respectively while Phe3

[1–14] had a marked intrinsic activity of 67% � 3 at 10�6 M and

shifted the response to only 8.21 � 0.18 (P < 0.001 versus

buffer). Due to the high intrinsic activity (Ca2+ response at

10�6 M: 65% � 3), Phe3[1–22] could not be tested in this setting.

From these data, it can be concluded that the fragments [1–22]

and [1–14] are full agonists, the modified fragments Phe3[1–22]

and Phe3[1–14] are partial agonists and GM-109 and MA-2029

are full antagonists.
alogues determined from the motilin receptor binding

Ca2+ luminescence

sponse Second response to motilin

Emax � S.E.M.a (%) pEC50 � S.E.M. Emax � S.E.M.a (%)

83 � 2 6.65 � 0.26 11 � 3

87 � 1 8.23 � 0.15 68 � 5

63 � 4 6.52 � 0.11 34 � 3

46 � 5 8.58 � 0.13 78 � 3

8 � 2 8.76 � 0.14 78 � 6

No response 7.50 � 0.05 78 � 5

se.
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Fig. 2 – Antagonistic properties of motilin analogues tested

in CHO–MTLR cells expressing the Ca2+ indicator

apoaequorin. Cells were injected in a 96-well plate,

containing increasing concentrations (10S12 to 10S5 M) of

[1–22] and a fixed concentration of 10S6 M of Phe3[1–14],

cyc[1–4], [1–4] or buffer. The Ca2+ response is expressed as

percentage of the response to 0.9% Triton X-100 inducing a

maximal Ca2+ release and is the mean W S.E.M. of three

experiments performed in duplicate.
3.2. Desensitization of the motilin receptor

To evaluate the importance of motilin’s C-terminus in the

desensitization process of the MTLR, cells were desensitized

by pretreatment for 2 h with the motilin analogues (10�5 M).

After removing the compound by washing, a concentration–

response curve to motilin was obtained (Fig. 3A). The pEC50

values together with the Emax values from the second

response to motilin for all motilin analogues tested are

summarized in Table 1.

Pretreatment of the cells with full length motilin [1–22]

induced a profound desensitization of the MTLR as the

subsequent maximal Ca2+ response to motilin [1–22] was

depressed from 78� 2% to 11� 3% (P < 0.001 versus buffer)

and the pEC50 shifted from 9.33� 0.12% to 6.65� 0.26%
Fig. 3 – Concentration–response curves to motilin in CHO–MTLR

without (– –) motilin agonists or partial/full antagonists of differ

expressed as percentage of the response to 0.9% Triton X-100 i

mean W S.E.M. of at least five experiments performed in duplica

experiments performed in duplicate for the CHO–MTLR–EGFP ce
(P < 0.001 versus buffer). However, the effect of pretreatment

with the truncated motilin [1–14] on the maximal Ca2+ response

to motilin only reached borderline significance (68 � 5%,

P = 0.052 versus buffer) and the shift of the motilin concentra-

tion response curve was less pronounced (pEC50: 8.23� 0.15,

P < 0.001 versus buffer). The desensitizing properties of Phe3[1–

22] were lower than those of motilin because the maximal Ca2+

response to motilin was 34� 3% (after [1–22] 11� 3%, P < 0.05

versus [1–22]). Incontrast after pretreatment with Phe3[1–14] the

maximal Ca2+ response to motilin remained unaffected

(78� 3%, P > 0.05 versus buffer). The pEC50 values after

pretreatment with Phe3[1–22] (6.52� 0.11) and Phe3[1–14]

(8.58� 0.13) did not differ significantly from those after

pretreatment with [1–22] or [1–14], respectively. Preincubation

with the antagonists GM-109 and MA-2029, did not significantly

lower the maximal Ca2+ response to motilin (GM-109: 78� 6%,

MA-2029: 78� 5%, P > 0.05 versus buffer). Only pretreatment

with MA-2029 shifted the pEC50 value from 9.33� 0.12 to

7.50� 0.05 (P < 0.001 versus buffer) but GM-109 did not have a

significant effect (8.76� 0.14, P > 0.05 versus buffer).

3.3. Characterization of the CHO cell line expressing the
EGFP tagged motilin receptor

To study the phosphorylation of the receptor and to visualize

the internalization process we used an EGFP tagged motilin

receptor stably expressed in CHO cells. The receptor binding

properties and the potency of motilin [1–22] to induce Ca2+

release were compared between the wild-type CHO–MTLR and

CHO–MTLR–EGFP (Table 2 and Fig. 4).

Receptor density was evaluated by [125I]-motilin binding

studies. Motilin receptor density (Bmax) was significantly lower

in the CHO–MTLR–EGFP cell line than in the CHO–MTLR cell

line (P < 0.05) (Table 2). Displacement curves showed that

motilin bound to its receptor with equal potencies in both cell

lines (Fig. 4A and Table 2). The concentration–response curves

revealed that the intrinsic activity (Emax) and the potency of
cells (A) and CHO–MTLR–EGFP cells (B) pretreated with (—) or

ent chain lengths at 10S5 M for 2 h. The Ca2+ response is

nducing a maximal Ca2+ release. The response is the

te for the CHO–MTLR cells and the mean W S.E.M. of 1–3

lls.
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Table 2 – Comparison of the binding characteristics and the Ca2+ luminescent response of motilin in CHO–MTLR and CHO–
MTLR–EGFP cells

Test method Binding Ca2+ luminescence

Bmax � S.E.M.a pIC50 � S.E.M. pEC50 � S.E.M. Emax � S.E.M.b

MTLR-WT 10.2 � 1.2 8.87 � 0.08 9.72 � 0.13 78 � 3

MTLR-GFP 7.1 � 0.4* 8.80 � 0.11 10.09 � 0.07 86 � 3

a Bmax is the motilin receptor density expressed as pmol/mg protein.
b Emax is the maximal Ca2+ response expressed as a % of the response to Triton X-100.
* P < 0.05 vs. MTLR-WT.
motilin (pEC50) to elicit a Ca2+ luminescent response did not

differ between both cell lines (Fig. 4B and Table 2).

3.4. Desensitization of the EGFP tagged motilin receptor

To determine whether the introduction of the EGFP tag

interferes with the desensitization process, desensitization

of the wild-type CHO–MTLR and the CHO–MTLR–EGFP by the

motilin analogues was compared.

As can be seen from Fig. 3B, the relative order of the Ca2+

concentration–response curves to motilin in CHO–MTLR–EGFP

cells after pretreatment with buffer, [1–22], Phe3[1–22], Phe3[1–

14], GM-109 and MA-2029 did not differ from those in CHO–

MTLR cells. However, in contrast to the CHO–MTLR cells

pretreatment of the CHO–MTLR–EGFP cells with the truncated

motilin, [1–14], significantly decreased the maximal Ca2+

response to motilin from 90 � 2% to 72 � 4% (P < 0.05 versus

buffer) and shifted the pEC50-value from 9.68 � 0.09 to

8.40 � 0.01 to (P < 0.001 versus buffer). Also for the other

compounds the absolute degree of desensitization was more

pronounced than in the CHO–MTLR cells (Fig. 3A).

3.5. Ligand-dependent phosphorylation of the motilin
receptor

To study phosphorylation of the receptor, cells were incubated

with radioactive phosphate and stimulated for 10 min with
Fig. 4 – (A) Comparison of the displacement curves obtained by

expressing the MTLR (—) or the MTLR–EGFP (– –) with [125I]-mot

Membrane bound [125I]-motilin is expressed as percentage spec

performed in duplicate. (B) Comparison of the Ca2+ release evok

MTLR and CHO–MTLR–EGFP cell line by motilin [1–22]. The Ca2+ r

Triton X-100 inducing a maximal Ca2+ release. Results are mean
10�5 M of the different compounds. The phosphorylated

receptor was detected by electrophoresis following immuno-

precipitation of membrane fragments prepared by ultracen-

trifugation. Details are given in Section 2.

As is shown in Fig. 5A, a labeled band corresponding to the

105 kDa MTLR–EGFP was detected after stimulation with full

length motilin [1–22], the truncated motilin analogue [1–14]

and the partial antagonists Phe3[1–22] and Phe3[1–14], but not

after stimulation with the two full antagonists. Densitometric

analysis of the images (Fig. 5B) revealed that the agonists [1–22]

and [1–14] caused increased MTLR phosphorylation producing

values five- to six-fold above basal levels, respectively. The

partial antagonists produced an intermediate effect, two- to

three-fold above basal levels. Neither the antagonist, MA-2029

nor the antagonist, GM-109 induced MTLR phosphorylation

compared to buffer-treated cells.

3.6. Visualization of motilin receptor internalization in
CHO–MTLR–EGFP cells

To examine whether the desensitization is due to internaliza-

tion of the MTLR, the internalization process was visualized by

using the CHO cell line expressing the MTLR–EGFP. The changes

in fluorescence distribution before and after stimulation (2 h)

with the compounds at 10�5 M were observed by fluorescent

microscopy and the percentage change in fluorescence in

the cytosol and membrane was calculated by image analysis.
incubating membrane preparations from CHO cells

ilin and increasing concentrations of unlabeled motilin.

ific binding. Results are mean W S.E.M. of five experiments

ed after concentration-dependent activation of the CHO–

esponse is expressed as percentage of the response to 0.9%

W S.E.M. of at least six experiments performed in duplicate.
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Fig. 5 – Phosphorylation of the MTLR in intact CHO cells

expressing the MTLR–EGFP. [32Pi]-labeled CHO–MTLR–EGFP

cells were treated with buffer or motilin analogues (10S5 M)

for 10 min. at 37 8C. The receptor was immunoprecipitated

with an anti-GFP receptor antibody. (A) A representative

phosphorimage scan of phosphorylated MTLR–EGFP after

immunoprecipitation and analysis by SDS-polycarylamide

gel electrophoresis is shown. The arrow indicates a size of

105 kDa corresponding to the phosphorylated MTLR–EGFP.

(B) Densitometric analysis of MTLR–EGFP phosphorylation

after stimulation with the motilin analogues. Results are

expressed as fold increase over basal. The data are

means W S.E.M. from three separate experiments.
Representative pictures of cells before and after stimula-

tion are shown in Fig. 6A. It can be seen that only after

stimulation with motilin and motilin [1–14] there is a clear

change in the fluorescence pattern. This impression was

confirmed by image analysis using Scion software (Fig. 6B).

After motilin the fluorescence intensity was significantly

(P < 0.001) decreased at the cell membrane with 20 � 3% and

increased in the cytosol with 19 � 3% compared to non-treated

cells. The effect was much less pronounced after treatment

with motilin [1–14] with a decrease of 7 � 2% at the cell

membrane, and an increase in the cytosol of 8 � 1% (P < 0.05

versus buffer) (Fig. 6).
4. Discussion

The aim of the present work was to verify the hypothesis that

the C-terminal region of motilin plays an important role in the
desensitization of the MTLR. We compared the relationship

between activation, desensitization, phosphorylation and

internalization of the MTLR after stimulation with full and

partial motilin agonists and antagonists.

First we characterized the (ant)agonistic properties of the

motilin analogues used in our study. While [1–22] and [1–14]

were full agonists, the modified fragments, Phe3[1–22] and

Phe3[1–14], had the characteristics of partial agonists. The

modified [1–4] and [1–3] fragments, GM-109 and MA-2029,

respectively, were full antagonists since they had good binding

affinities, no or almost no intrinsic activity, and shifted the

Ca2+ concentration response curve to motilin to the right. The

antagonistic properties of Phe3[1–22], Phe3[1–14] and of GM-

109 on motilin induced smooth muscle responses have also

been shown in contractility studies with rabbit duodenal

segments [19,20,23].

Ligand binding to the extracellular domain of a G-protein

coupled receptor (GPCR) is the first step for both signal

transduction and signal termination. In many receptor

systems the processes of receptor activation and receptor

desensitization are linked [24–26]. Our data seem to confirm

the correlation between activation and desensitization since

the partial agonists were less potent compared to the full

agonists and induced less desensitization. In addition neither

of the antagonists were able to induce desensitization of the

MTLR.

However, despite the fact that the motilin analogue [1–14]

has the full pharmacophore required for activation [16] and

was only 10-fold less potent than [1–22] to elicit Ca2+

responses, its ability to induce desensitization was much less

pronounced than with the full length motilin [1–22]. The same

discrepancy between activation and desensitization was

observed with the partial antagonists Phe3[1–22] and Phe3[1–

14] where a five-fold difference in activity resulted in a major

difference in ability to desensitize. Vice versa, changes in the

N-terminal region of [1–22] and [1–14] by replacement of Pro3

by Phe3, profoundly reduced bioactivity (257- and 135-fold,

respectively) but affected the desensitizing properties to a

lesser extent. These results therefore suggest that the

desensitizing effects of motilin are determined by the C-

terminal region, while the bioactivity resides in the N-terminal

part. Similar findings have been described for substance P

where the C-terminus is essential for biological activity and

the N-terminal domain is required for complete homologues

desensitization [27]. Desensitization of the MTLR after treat-

ment with the partial agonist Phe3[1–22] was also confirmed in

a previous study in TE671 cells [28]. From these data we can

conclude that the ability of a peptide to induce desensitization

is not solely determined by its ability to act as an agonist for

signal activation events. Disparities between activation and

desensitization have also been described for dopamine D1A

receptors [29], m-opioid receptors [30], the human tachykinin

NK-1 [31] and serotonin 5-HT2C receptors [32].

Fusion of an EGFP protein to the carboxyl terminus of the

MTLR did not seem to alter the pharmacological and

functional properties of the MTLR. Only the absolute degree

of desensitization of the motilin analogues in the wild-type

CHO–MTLR cell line was somewhat less pronounced than in

the CHO–MTLR–EGFP cell line but the relative order of

desensitization of the respective fragments was not different.
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Fig. 6 – (A) Visualization of MTLR–EGFP trafficking expressed in CHO cells by fluorescent microscopy before (top row) and

after (bottom row) stimulation with agonists and full/partial antagonists (10S5 M) for 2 h at 37 8C. Before treatment,

fluorescent labeling appeared mainly located at the cell surface, while relocation to the cytosol took place after treatment

with the agonist [1–22] and, to a lesser extent, with agonist [1–14] but not with the other motilin analogues. (B)

Quantification of the change in fluorescent distribution between the cell surface and the cytosol after stimulation with

[1–22], [1–14], Phe3[1–22], Phe3[1–14], [1–4] and cyc[1–4]. Three different sets of cells were stimulated with the same

ligand. The change in fluorescence was measured in eight cells per set. Values were expressed as mean W S.E.M. **P < 0.001

vs. [1–14]; *P < 0.05 vs. buffer.
In this context it is important to mention that in the wild-type

CHO–MTLR cell line receptor density was more pronounced

than in the CHO–MTLR–EGFP cell line. In the former case a

larger receptor reserve exists and thus a receptor pool that is

incapable of being desensitized probably because accessory

molecules (e.g., G-protein-coupled receptor kinases, b-arrest-

ins) involved in GPCR endocytosis become limiting under

conditions of excess ligand and maximal rate of MTLR

internalization.

Phosphorylation of the GPCR is necessary to initiate both

the termination of G-protein signaling and receptor processing

through internalization. Our results suggest a correlation

between receptor phosphorylation and activation since

receptor phosphorylation was more pronounced with the

agonists than with the partial agonists while the full

antagonists GM-109 and MA-2029, failed to alter phosphoryla-

tion. A link between a higher ligand efficacy and enhanced

phosphorylation has also been described for the b2-adrenergic

[24] and the m opioid receptor [33]. These studies demonstrated

that partial agonists cause less phosphorylation than full

agonists and the amount of receptor phosphorylation gen-

erally correlates with agonist’s strength.

The rank order of motilin analogues in producing motilin

receptor-mediated functional desensitization [1–22] > Phe3[1–
22] > [1–14] > Phe3[1–14] > MA-2029 > GM-109 generally par-

alleled their rank order in producing receptor phosphorylation

which demonstrates that desensitization is dependent on

phosphorylation, except for Phe3[1–22] which induced less

receptor phosphorylation compared to [1–14] but was more

efficacious in inducing desensitization. The finding that

Phe3[1–22] only requires a small amount of receptor phos-

phorylation to induce desensitization suggests that a mechan-

ism other than MTLR phosphorylation is responsible for

desensitization. GPCR signalling can also be terminated at the

level of the heterotrimeric G protein by ‘‘regulator of G-protein

signalling’’ (RGS) proteins which are GTPase accelerating

proteins that inactivate G-protein signaling pathways and

therefore play a key role in the desensitization process [34,35].

It should also be emphasized that in contrast to the agonists

[1–22] and [1–14], desensitization of the motilin receptor by

Phe3[1–22] did not result in internalization. Agonist-induced

internalization of GPCRs is a well characterized phenomenon

believed to contribute to receptor desensitization [36]. Several

studies have demonstrated that partial agonists induce less

internalization than full agonists [24,37,38]. In addition,

mutations that impaired signaling of GPCRs reduce agonist-

induced receptor internalization, whereas mutations that

yield constitutively active receptors generate receptors that
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are internalized faster than wild-type receptors [39–43].

Therefore, it has been proposed that receptor activation is

required for agonist-induced internalization. Nevertheless,

studies on the relationship between the activity of agonists

and their ability to cause receptor internalization have

generated conflicting results. Indeed, it has been reported

that an antagonist at the cholecystokinin receptor can

stimulate internalization [44]. Certain competitive antagonists

of the angiotensin AT1a receptor exhibit similar properties

[45]. The difference between activation and desensitization for

the full agonists [1–22] and [1–14], can be explained by a

difference between activation and internalization. The partial

agonist Phe3[1–14] and the modified [1–4] and [1–3] fragments,

GM-109 and MA-2029, respectively, which did not cause

desensitization also did not cause internalization. In contrast,

internalization is not responsible for the desensitization of the

partial agonist Phe3[1–22].

Several multi-state models have been invoked to explain the

complex behaviour of GPCRs in the presence of agonists,

antagonists and other binding partners. Fluorescence spectro-

scopy studies have largely contributed to the ‘sequential

binding and conformational selection model’ [46,47] which

assumed that GPCRs spontaneously alternate between differ-

ent active an inactive conformations and that receptor

activation by an agonist is a sequential process. Agonists

stabilize a succession of conformational states of the receptor

and these states may have distinct cellular functions by

interacting with different types of cellular proteins. Each ligand

might only stabilize a certain subset of receptor conformations

that result in a ligand-specific receptor ‘function’. These

functions may include the activation of G proteins, desensitiza-

tion, phosphorylation, internalization, etc., which can act

separately [48]. These distinct functions may be dependent

upon different domains of the motilin molecule. Our data

suggest that the N-terminus of motilin is responsible for

activation and binding and the C-terminus causes a conforma-

tion change that stabilizes this binding and also makes the

receptor more sensitive to phosphorylation and internalization.

In addition our data show that modifications in the N-terminus

as in Phe3[1–22] can favor a conformation of the receptor that is

less susceptible to phosphorylation and internalization but still

induces desensitization of the motilin receptor.

Our data suggest that potent agonists/antagonists may be

developed without desensitizing properties. Such compounds

may have improved therapeutic potential.
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