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FEHMANN, H. C., J. JIANG, J. SCHWEINFURTH, M. B. WHEELER, A. E. BOYD, lII AND B. G()KE. Stabh, t;vpression 
~1 the rat GLP-I tz, ceptor in CHO cells: Activation and binding characteristics utilizing GLP-l(7-36)-amide, oxyntomodulin, 
~-cendin-4. and exendin(9-39). PEPTIDES 15(3) 453-456, 1994.--Glucagon-like peptide-I (GLP-I) is a potent insulinotropic 
peptide that mediates its actions at pancreatic B-cells via specific receptors. In the present study we stably expressed the rat B-cell 
GLP-I receptor in CHO cells and studied binding characteristics and receptor activation utilizing the naturally occuring receptor 
agonist GLP-l(7-36)-amide (GLP-1), the proglucagon-derived GLP-I-related peptide oxyntomodulin, the GLP-I receptor agonist 
exendin-4, and the specific antagonist exendin(9-39). The potencies to displace [~251]GLP-I from the receptor were GLP-I > 
exendin-4 > exendin(9-39) > oxyntomodulin, and to displace [~zSI]exendin-4 GLP-I = exendin-4 > exendin(9-39) > oxynto- 
modulin, cAMP production was stimulated equally by GLP-1 and exendin-4. Oxyntomodulin was less potent to stimulate cAMP 
generation. Exendin(9-39) blocked the stimulatory action of GLP-I and exendin-4 on cAMP production, but not that of oxyn- 
lomodulin. This study shows that GLP-I and exendin-4 are potent agonists at the transfected rat B-cell GLP-I receptor whereas 
oxyntomodulin is only a weak GLP-I receptor agonist. Furthermore, exendin(9-39) is a potent GLP-I receptor antagonist. This 
peptide is a valuable tool to further study the physiological actions of GLP-I. 

Glucagon-like peptide-I (GLP-I) CHO cells Receptor binding Exendin-4 Exendin(9-39) Oxyntomodulin 

G L U C A G O N - L I K E  pept ide-I(7-36)-amide/(7-37)  (GLP-I) is 
a potent  insul inotropic  peptide (10). It is encoded within the 
proglucagon gene, and the bioact ive peptide is mainly  ex- 
pressed in the intestinal L-cell due to a tissue-specific post- 
translational processing of  proglucagon (1,3,21). After a meal, 
GLP-I  is released into the circulation.  At pancreat ic  B-cells 
GLP-I  is a powerful s t imulator  of  glucose-induced insulin 
secretion and of  proinsulin gene expression (6,7,9,16,17). 
Gulcagon-l ike peptide-I is presently considered as the most  
impor tan t  incretin ho rmone  (2,10). Its act ion is media ted  by 
receptors expressed by the endocr ine  pancreat ic  B-cells 
(12,18,19,23). 

Exendin-4, a peptide containing 39 amino acids recently iso- 
lated from Helodermatidae venom (4), was suggested to be an 
effective agonist at the GLP-I receptor expressed in insulinoma- 

derived B-cells (13). Furthermore, the N-terminally truncated 
peptide exendin(9-39) was shown to antagonize the action of  
GLP-I and exendin-4 at B-cells (13). The existence of  specific 
exendin receptors is under discussion, although, in our opinion, 
it seems more likely that the exendins act via GLP-I receptors 
(4,13,20). 

In the present study we stably expressed the rat GLP-I  
receptor  in the Chinese hamster  ovary cell line C H O  and 
studied binding characteristics o f  GLP-I ,  exendin-4,  exen- 
din(9-39) ,  and oxyn tomodul in  [g lucagon( l -37)]  to the re- 
combinan t  expressed rat GLP-I  receptor. Fur thermore ,  we 
character ized and compared  the act ivat ion of  GLP-I  receptor  
funct ion by GLP-I ,  exendin-4,  and oxyn tomodul in  and eval- 
uated the effectiveness of  exendin(9-39)  as an effective pep- 
tidergic GLP-I  receptor  antagonist .  
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M ETHOD 

Glucagon-like peptide-l(7-36)-amide (GLP-I) and GLP-I(7- 
37) were from Peninsula (Heidelberg, Germany): oxyntomodulin 
[glucagon( 1-37)] was from Sigma (Deisenhofen, Germany). Ex- 
endin-4 and exendin(9-39) were synthesized as described pre- 
viously (13). Glucagon-like peptide-I and exendin-4 were radio- 
labeled using the iodogen method (iodogen was from Pierce, 
Mi.inchen, Germany: Nal2Sl was from Amersham, Braun- 
schweig, Germany) and subsequently purified by HPLC. Human 
serum albumin was from Behring (Marburg, Germany) and 
bacitracin was from Serva (Heidelberg, Germany). All other 
chemicals used were from Sigma (Munich, Germany). 

Tissue Culture 

CHO cells were grown in DMEM medium containing 11 
mM glucose supplemented with 10% horse serum, 100 U/ml 
(v/v) penicillin, and 100 ug/ml (v/v) streptomycin: all reagents 
were obtained from Gibco (Eggenstein, Germany). Cells were 
split every 3-4 days 1:5. 

Production (?/Stable ClIO Cell Lines Expressing the Rat 
GLP-I Receptor 

The isolation and characterization of a cDNA encoding the 
rat GLP-I receptor, as well as the construction of the expression 
plasmid, has been described before (25). For the production of 
stable CHO cell lines expressing the GLP-I receptor, CHO cells 
(ATCC CCL-61) were transfected with 10 ~g of the expression 
plasmid pGLP-IRNEO using lipofectin T M  reagent (BRL, Gaith- 
ersburg, MD) according to the manufacturer's instructions. 
Clones expressing the receptor were generated by G418 (600/zg/ 
ml active, Sigma) selection and pooled. Binding analysis and 
cAMP measurements were performed to confirm that the pooled 
clones (CHO-GLP-IR) expressed the receptor and signaled ap- 
propriately. 

Binding Studies 

Binding studies with whole cells were performed as described 
previously (12). Cells were detached from the plastic dish with 
cold phosphate-buffered saline containing 136 mM NaCI, 2.7 
mM KCI, 8.1 mM Na2HPO4, 1.5 mM KH2PO4, and 1.5 mM 
EDTA, pH 7.3. Cells were centrifuged and carefully resuspended 
in incubation buffer (2.5 mmol/l Tris/HCl, 120 mmol/l NaC1, 
1.2 mmol/1 MgSO4, 5 mmol/l KCL 15 mmol/l CH3C00Na: pH 
7.40) containing 1% human serum albumin, 0.1% bacitracin, 
and 1 mmol/l EDTA. Approximately 106 cells per tube (total 
volume 300 ~zl) were incubated for 5 rain at 37°C in the presence 
of unlabeled hormone (1 pmol/ l - I  umol/l) followed by the ad- 
dition of tracer (25,000 cpm). After 25 min of total incubation 
time, cells were centrifuged through a mixture ofdibutylphthal- 
ate/dinonylphthalate (1 : 1 ; v/v). Radioactivity in the pellet was 
counted in a gamma counter. Specific binding was defined as 
total binding minus unspecific binding (tracer bound in the 
presence of I umol/l unlabeled hormone). 

Determination O/cAMP Generation 

Cells were detached from the culture dishes with KRB-EDTA 
and incubated in KRB containing the peptides for 5 min (37°C). 
In the experiments with exendin(9-39), cells were preincubated 
with this peptide for 5 rain. The reaction was stopped by the 
addition of 7.5% trichloric acid. Cells were lysed by sonification, 
and cAMP concentration in cell lysates was measured with a 
radioimmunoassay kit (Dianova, Hamburg, Germany). Data 
were calculated as percent of controls (only solvent). 

Statistics 

Data are expressed as mean _+ SEM of six experiments. Sta- 
tistical analysis was performed by the Student's t-test for unpaired 
data. Statistical significance was set at the 5% level. 

RESULTS 

[t2Sl]Glucagon-like peptide-I was displaced from CHO GLP- 
I cells by GLP-I and exendin-4 in a concentration-dependent 
manner with an ECs0 of 0.65 nmol/l and 0.8 nmol/1, respectively. 
Exendin-4(9-39)'s ECso to displace [I251]GLP-I was 2.5 nmol/l 
(Fig. 1). [12SI]Exendin-4 was displaced by GLP-I and exendin-4 
with an ECs0 of 3 nmol/1 and by exendin-4(9-39) with an ECso 
of 6 nmol/l (Fig. 2). No difference was found between GLP-I(7- 
37) and GLP-l(7-36)-amide to bind to the rat GLP-I receptor 
(data not shown). Oxyntomodulin displaced both [tZSl]GLP-I 
and [~251]exendin-4 only weakly (Figs. 1 and 2): 100 nmol/l ox- 
yntomodulin displaced the tracers by 30% and 40%, respectively. 
It has been shown previously that glucagon is a weak GLP-I 
receptor agonist (12). 

Glucagon-like peptide-! stimulated cAMP generation con- 
centration dependently, with a maximal effect at 1 nmol/l (500% 
stimulation). At higher peptide concentrations cAMP production 
decreased slightly. This phenomenon is most probably be due 
to a homologous GLP-I receptor desensitization. Exendin-4 
stimulated cAMP production with the same potency (500% 
stimulation), but this peptide showed the tendency to be more 
efficient then GLP-1, although this difference was not statistically 
significant. Oxyntomodulin was much less potent (300% stim- 
ulation) and efficient to stimulate cAMP generation than GLP- 
I and exendin-4 (Fig. 3). 

Preincubation ofCHO GLP-I cells with exendin(9-39) for 5 
min significantly blocked the stimulatory action of GLP-I and 
exendin-4 on cAMP production [10 nmol/1 GLP-I: 364%, 10 
nmol/l GLP-I + 1 ~mol/l exendin(9-39): 208%, p < 0.05; 10 
nmol/l exendin-4: 353% stimulation, 10 nmol/l exendin-4 + 1 
~zmol/1 exendin(9-39): 155%, p < 0.01). Exendin-4(9-39) had 
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FIG. 1. Displacement of [J251]GLP-I from CHO GLP-I cells expressing 
the rat GLP-I receptor by GLP-I (O), exendin-4 (~), exendin(9-39) (E]), 
and oxyntomodulin (O). 
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FIG. 2. Displacement of [J251]exendin-4 from CHO GLP-I cells expressing 
the rat GLP-i receptor by GLP-I (e), exendin-4 (L), exendin(9-39) (C]), 
and oxyntomodulin (©). 

no significant effect on oxyntomodulin-stimulated cAMP pro- 
duction [10 nmol/l oxyntomodulin: 278%, 10 nmol/1 oxynto- 
modulin + 1 ~mol/l exendin(9-39): 212%]. Exendin-4(9-39) 
had no significant effect on unstimulated cAMP generation (104 
_+ 8%: Fig. 4). 

D I S C U S S I O N  

Glucagon-like peptide-I is an important hormonal mediator 
in the entero-insular axis (10). Its physiological importance is 
to augment the nutrient-induced postprandial insulin secretion 
in the presence of elevated glucose levels (14). Furthermore, 
GLP-I increases insulin production by a direct activation of 
proinsulin gene transcription (9). In noninsulin-dependent di- 
abetes mellitus (NIDDM), GLP-I is a potent insulin secretagogue 
in the presence of elevated plasma glucose levels (15,22). There- 
fore, GLP-I is considered as a new therapeutic agent in nonin- 
sulin-dependent diabetes mellitus (NIDDM) (15,22). 

Glucagon-like peptide-I belongs to a large family of peptide 
hormones and all members of this glucagon-secretin-VIP family 
share at least some degree of sequence homology. On the other 
hand, these hormones do not interact with the GLP-I receptor. 
Recently, the 39 amino acid-containing peptide exendin-4, iso- 
lated from Helodermatidae venom, was suggested to be an ef- 
fective agonist at the GLP-I receptor expressed in insulinoma- 
derived cells (13). Furthermore, exendin(9-39), an N-terminally 
truncated form ofexendin-4, was shown to antagonize the effects 
of GLP-I and exendin-4 at B-cells (13). However, previously the 
existence of specific exendin receptors has been proposed to ex- 
plain effects of exendin-4 on the exocrine pancreas where the 
existence of GLP-I receptors has been excluded (4,11,20,24,25). 

Consequently, to further clarify this issue, in the present study 
we studied binding characteristics and GLP-I receptor activation 
ofGLP-I, exendin-4, oxyntomodulin, and exendin(9-39)-amide 
to the recombinant rat GLP-I receptor stably expressed in CHO 
cells. Here we demonstrate that GLP-I, exendin-4, and exen- 
din(9-39) bind with similar affinities to this receptor whereas 
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FIG. 3. Effects ofGLP-1 (e), exendin-4 (z~), and oxyntomodulin (O) on 
cAMP production in CHO GLP-I cells expressing the rat GLP-I receptor. 
Data are shown as percent of controls (100%). 

oxyntomodulin represents only a weak GLP-I receptor agonist. 
This result argues in favor of the concept that GLP-I, exendin- 
4, and oxyntomodulin mediate their actions at B-cells via the 
GLP-I receptor. Furthermore, we have proven that exendin(9- 
39)-amide represents a powerful rat GLP-I receptor antagonist. 
This peptide binds to the GLP-I receptor and blocks the actions 
of GLP-I and exendin-4. In short-term experiments we could 
not detect any agonistic activity ofexendin(9-39) at the rat GLP- 
I receptor [(13), and this study]. This contrasts to the situation 
in long-term experiments (24 h) where we previously found a 
small agonistic effect of exendin(9-39)-amide at B-cells (13). 
Therefore, exendin(9-39) represents a valuable tool to study the 
biological significance of GLP-I. The availability of this pepti- 
dergic rat GLP-I receptor antagonist now allows determining 
the contribution of GLP-I to biological-relevant phenomenons 
as the incretin effect. 

Exendin-4 showed the tendency to be more efficient, but 
equipotent, at the rat GLP-I receptor. This finding agrees with 
our previous study using insulinoma-derived RINm5F cells (13). 
Several clinical studies suggested that GLP-I might represent a 
new therapeutic approach in NIDDM. It is possible to speculate 
that exendin-4 might be an even more efficient insulinotropic 
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FIG. 4. Effects of exendin-4(9-39) on cAMP production stimulated by 
GLP-I, exendin-4, and oxyntomodulin in CHO cells expressing the rat 
GLP-I receptor. Data are shown as percent of controls (100%). GLP-I 
= GLP-I(7-36)-amide, Ex-4 - exendin-4, Ex-4(9-39) = exendin(9-39). 
*p < 0.05: **p < 0.01. 
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agent in this disease. This idea is supported by a recent study 
demons t ra t ing  exendin-4 as a more  potent  insulin secretagogue 
than GLP-I  in vivo in dogs (5). 

Recently, we have found that  exendin-4 binds with a higher 
affinity to the GLP-I  receptor than  GLP-I  itself expressed in rat 
insu l inoma R I N m 5 F  cells (13). In this cell line (CHO) we ob- 
served identical b inding affinities of  bo th  peptides to the over- 
expressed rat GLP-I  receptor. This  difference is probably due to 
different glycosilation of the GLP-I  receptor in the different cell 

lines, Results of  previous experiments  (R. Just, B. G6ke, un- 
published results) show that  al teration of GLP-I  receptor gly- 
cosilation drastically impairs  GLP-I  receptor function.  
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