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The intestinal hormone glucagon-like peptide-1-(7-36)-amide (GLP-1) has recently been implicated as a possible therapeutic 
agent for the management of type 2 non-insulin-dependent diabetes mellitus (NIDDM). However, a major difficulty with the 
delivery of peptide-based agents is their short plasma half-life, mainly due to rapid serum clearance and proteolytic 
degradation. Using a peptide analog of GLP-1, the GLP-1 receptor antagonist exendin(9-39), we investigated whether the 
conjugation of a carbohydrate structure to exendin(9-39) would generate a peptide with intact biological activity and improved 
survival in circulation. The C-terminal portion of exendin(9-39) was reengineered to generate an efficient site for enzymatic 
O-glycosylation. The modified exendin(9-39) peptide (exe-M) was glycosylated by recombinant UDP-GalNAc:polypeptide 
N-acetylgalactosaminyltransferase 1 (GalNAc-T1) alone or in conjunction with a recombinant GalNAc e2,6-sialyltransferase 
(SialyI-T), resulting in exe-M peptides containing either the monosaccharide GalNAc or the disaccharide NeuAc~2,6GalNAc. 
The nonglycosylated and glycosylated forms of exe-M competed with nearly equal potency (>  90% of control) with the 
binding of [12Sl]GLP-1 to human GLP-1 receptors expressed on stably transfected COS-7 cells. In addition, each peptide was 
equally effective for inhibiting GLP-l-induced cyclic adenosine monophosphate (cAMP) production in vitro. Studies with rats 
demonstrated that the modified and glycosylated forms of exendin(9-39) could antagonize exogenously administered GLP-1 in 
vivo. Interestingly, glycosylated exendin(9-39) homologs were more than twice as effective as the nonglycosylated peptide for 
inhibiting GLP-l-stimulated insulin production in vivo, suggesting a longer functional half-life in the circulation for 
glycosylated peptides. Results from in vivo studies with 3H-labeled peptides suggest that the glycosylated peptides may be 
less susceptible to modification in the circulation. 
Copyright © 1999 by W.B. Saunders Company 

G LUCAGON-LIKE peptide-1-(7-36)-amide (GLP-1) is a 
hormone secreted from intestinal L cells that has been 

implicated in the endocrine control of metabolism and the 
regulation of body weight. ~ In vivo, GLP-1 is released from the 
gut into the circulation following ingestion of a carbohydrate- 
rich meal. Once in the circulation, this peptide acts as a potent 
stimulator of glucose-induced insulin secretion and plays an 
important role in metabolic control (reviewed in Holst 2 and 
Fehmann et al3). 

Due to the powerful action of GLP- 1 to improve postprandial 
insulin release (incretin effect), this peptide and its analogs have 
attracted interest as potential therapeutics for the management 
of non-insulin-dependeut diabetes mellitus (NIDDM) in man. 4-7 
Recent studies with GLP-1 in normal human subjects and 
patients with NIDDM demonstrated that GLP-1 is a potent 
agent for decreasing blood glucose without causing hypoglyce- 
mia. TM Unfortunately, however, GLP-1 has significant limita- 
tions as a therapeutic, due to its short half-life in the circulation 
(measured at 3 to 11 minutes in man), as well as its rapid 
degradation in serum. 12-18 

Exendin-4(1-39) is a 39-amino acid peptide present in the 
venom of the lizard Heloderma suspectum that shares 53% 
amino acid sequence similarity with GLP-1.19 This peptide has 
been shown to have equipotent or greater agonistic effects on 
the GLP-1 receptor in vitro, as well as to act as a potent insulin 
secretagogue in v i v o .  2°-23 An N-terminally truncated form of 
exendin-4, exendin(9-39), has been shown to antagonize the 
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effects of GLP-1 and exendin-4 in vitro and to abolish the 
insulin-stimulatory effects of these peptides in vivo. 2°-25 

We have used the antagonist exendin(9-39) peptide as a 
model to determine the feasibility of generating an antidiabetic 
peptide with a more prolonged effect in vivo, by selective 
glycosylation. We first modified the amino acid sequence of 

exendin(9-39) such that a site for O-glycosylation was created 
near the carboxy terminus. Subsequently, the modified peptide 
was glycosylated using recombinant glycosyltransferases. Ini- 
tial experiments were performed to address whether the modifi- 
cation of the C-terminal residues of exendin(9-39), as well as 
the addition of monosaccharides or disaccharides to the modi- 
fied exendin(9-39) peptide (exe-M), altered the binding of the 
peptide to the GLP-1 receptor in vitro. Thereafter, studies were 
performed to analyze whether peptide modification and glyco- 
sylation altered the biological activity and half-life of the 
GLP- 1 receptor antagonist in vivo. 

MATERIALS AND METHODS 

Synthesis o f  Exendin Peptides 

Exendin(9-39) and exe-M were synthesized by stepwise solid-phase 
methods 26 on an Applied Biosystems Peptide Synthesizer (Foster City, 
CA). The exendin(9-39) peptide was synthesized on a 0.25-retool scale. 
The 9-fluorenylmethyloxycarbonyl (Fmoc) group was used as the 
Na-amino protecting group, mad the temporary side-chain protecting 
groups were as follows: Arg(Pmc), Asn(Trt), Asp(OtBu), Gln(Trt), 
Glu(OtBu), Lys(Boc), and Ser(tBu). Side chains of Ala, Ile, Leu, Met, 
Phe, Pro, Trp, and Val were unprotected. Each residue was single- 
coupled using a O-Benzotriazole-N,N,N',N'-tetramethyl-uronium- 
hexafluoro-phosphate (HBTU)/N-methyl-z-pyrrolidinone (NMP) proto- 
col and then capped with acetic anhydride before the next synthesis 
cycle. After removal of the N-terminal Fmoc group, temporary side- 
chain protecting groups were removed and the peptide was cleaved 
from the resin by treatment with 95% trifluoroacetic acid (TFA)/5% 
scavengers (ethyl methyl snlfide:anisole: 1,2-ethanedithiol 1:3:1) at 
room temperature for 2 hours. The crude peptide was precipitated from 
the cleavage solution with cold diethyl ether and collected on a sintered 
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glass funnel, washed with diethyl ether, dissolved in dilute acetic acid, 
and evaporated to dryness under reduced pressure, and the residue was 
redissolved and lyophilized from glacial acetic acid. The crude peptide 
was purified by preparative reverse-phase chromatography on a Phe- 
nomenex (Rancho Palos Verdes, CA) C-18 column (22.5 × 250 ram) 
using a water/acetonitrile gradient, with each phase containing 0.1% 
TFA. Clean fractions as determined by analytical high-performance 
liquid chromatography (HPLC) were pooled, the acetonitrile was 
evaporated under reduced pressure, and the aqueous solution was 
lyophilized. The purified peptide was characterized by compositional 
analysis and time-of-fight mass spectroscopy, which yielded the 
anticipated (M + H) +. 

The exe-M peptide was synthesized on a 0.5-mmol scale. The 
t-hutyloxycarbonyl (Boc) group was used as the Na-amino protecting 
group, and temporary side-chain protecting groups were as follows: 
Arg(Tos), Asp(OBzl), Glu(OBzl), Lys(C1-Z), Ser(Bzl), Thr(Bzl), and 
Trp(CHO). Side chains of Ala, Asn, Gln, Ile, Leu, Met, Phe, Pro, and 
Val were unprotected. Each residue was double-coupled and then 
capped before the next double-couple cycle. After removal of the 
N-terminal Boc group and before HF cleavage, the temporary side- 
chain group on the Trp residue was removed using TFA:trifluorometh- 
ane sulfonic acid 5:1 with 1,2-ethanedithiol:m-cresol:dimethyl sulfide 
as scavengers at - 5 ° C  for 3 hours. The resin was washed with cold 
diethyl ether and dried. Remaining temporary side-chain protecting 
groups were removed, and the peptide was cleaved from the resin by 
treatment with HF:dimethylsulfide:anisole 10:1:1 for 1 hour at -5°C.  
The crude peptide was purified and characterized as before. 

Production and Isolation of [3H]Exe-M 

To prepare radioactively labeled exendin(9-39), an analog of exe-M, 
exel-M, which contains a 3,4-dehydroproline unit in place of the 
C-terminal proline of exe-M, was produced. EXel-M was synthesized 
essentially as described for exe-M, except the 3,4-dehydroproline 
residue was coupled manuaIly using benzotriazol-l-yloxyltris(dimethyl- 
amino)phosphonum hexafluorophosphate (BOP) in dirnethylformamide 
(DMF), and the resin was deformylated before HF cleavage using 
DMF:piperdine 1:10 at 0°C for 2 hours. To label this peptide with 3H, 2 
mg purified exe~-M was reduced with tritium gas on a Tri-Sorber (Inus 
Systems, Tampa, FL). This produced greater than 3.4 mCi exel-M, 
which was purified by preparative reverse-phase HPLC (> 98% pure), 
resulting in exel-M with a specific activity of 1.7 rnCi/mg (6.5 
Ci/mmol). The tritium label positions were confirmed by 3H-nuclear 
magnetic resonance. 

Preparation of Glycosyltransferases 

Recombinant soluble bovine UDP-GalNac:polypeptide N-acetylgalac- 
tosaminyltransferase 1 (GalNAc-T1) was prepared as previously de- 
scribed. ~7 The chicken recombinant GalNAc c~2,6-sialyltransferase 
(Sialyl-T) was expressed in Sf9 cells using a recombinant baculovirus 
containing the soluble Sialyl-T cDNA sequence previously described. 28 
Serum-free culture medium from infected Sf9 cells containing the 
soluble recombinant Sialyl-T was collected (--100 mL), supplemented 
with protease inhibitors (10 mL/mL soybean trypsin inhibitor, 0.5 
mg/mL pepstatin, 0.25 mg/mL leupeptin and antipain, and 30 mg/mL 
aprotinin), and concentrated 10-fold at 4°C using an Amicon (Beverly, 
MA) Ultraflltration Cell with a YM-10 membrane. The concentrated 
Sialyl-T preparation was used without further purification for in vitro 
glycosylation experiments. Both recombinant glycosyltransferases were 
stored at -20°C in 50% glycerol. 

Glycosylation of Exe-M Peptide 

Batch glycosylation of exe-M peptides was performed in vitro using 
either recombinant bovine GalNAc-T1 alone or bovine GalNAc-T1 in 
combination with Sialyl-T. For the production of GalNAc-exendin(9- 

39) (exe-GN), a reaction mix (40 pL) containing 10 mmol/L exe-M, 
1 mmol/L UDP-GalNAc (Sigma, St Louis, MO), 4 mmol/L MnCI2, 
50 mmol/L imidizole buffer (pH 7.5), and 100 ng purified bovine 
GalNAc-T1 was incubated at 37°C for greater than 2 hours. To produce 
NeuAce~2,6GalNAc-exendin(9-39)(exe-GN-SA), a 50-pL reaction mix 
containing 10 mmol/L exe-M, 75 gmol/L UDP-GalNAc, 1 mmol/L 
CMP-NANA (Sigma), 50 mmol/L imidizole buffer (pH 7.0), 100 ng 
purified bovine GalNAc-T1, and 10 pL concentrated chicken Sialyl-T 
was incubated at 37°C overnight, followed by a boost with 10 BL 
CMP-NANA (5-retool/L), 25 pL 50-mmol/L imidizole buffer (pH 7.0), 
and 10 pL concentrated Sialyl-T for 6 hours at 37°C. The radiolabeled 
glycosylated exendins, exea-GN and exel-GN-SA, were also produced 
as outlined before, except the reaction mixtures contained 10 oCi 
lyophilized exel-M (0.39 ~tCi/mL) and 4 mmol/L exea-M. All peptides 
were purified by HPLC as outlined in the following section. 

Purification and Characterization of Glycosylated Peptides 

Exe-M, exel-M, and the glycosylated exendin peptides exe-GN, 
exe~-GN, exe-GN-SA, and exel-GN-SA were purified by HPLC on a 
C18 reverse-phase column (Vydae, Hesperia, CA) using a gradient (0% 
to 48%) of acetonitrile in 0.1% TFA. The peptides were eluted at a flow 
rate of 1 mL/min using the following conditions: a 1-minute linear 
increase in the acetonitrile concentration to 28%, followed by an 
additional linear increase in acetonitrile to 48% over 50 minutes, and a 
final 10-minute linear decrease to 0% acetonitrile. A 10-minute wash 
with 100% TFA 0.1% followed each chromatographic determination. 
Fractions (30-second) of 0.5 mL were collected between the time points 
T20 and T30 of the program. Under these conditions, exe-GN-SA eluted 
at approximately 27.5 minutes, exe-GN at approximately 28.6 minutes, 
and exe-M at approximately 29.9 minutes. The 3H-labeled peptides had 
identical retention times. Fractions containing eluted peptides were 
pooled, lyophilized, reconstituted in 10 mmol/L HEPES buffer (pH 7.2), 
and stored frozen at -20°C. The concentration of each peptide solution 
was determined by measuring the absorption at 280 nm and by 
compositional analysis. 

Exoglycosidase Digestion 

Approximately 1 mg of the purified glycosylated peptides exe-GN 
and exe-GN-SA was subjected to digestion with either Patella vulgata 
e~-N-acetylgalactosaminidase (V Labs, Covington, LA), Arthrobacter 
ureafaciens sialidase (Oxford Glycosystems, Bedford, MA), or New- 
castle disease virus sialidase (Oxford Gtycosystems). Conditions were 
as outlined by the supplier. Reaction products were analyzed by 
reverse-phase HPLC using the protocol already described. 

Expression of Human GLP-1 Receptor in COS-7 Cells 

Green monkey kidney cells (COS-7) were maintained in Dulbecco's 
modified Eagle's medium (DMEM) supplemented with 10% heat- 
inactivated fetal calf serum (vol/vol), 2 mmol/L glutamine, 1% MEM 
nonessential amino acids, 100 U/mL penicillin, and 100 U/mL strepto- 
mycin. Transfected cells were maintained in this medium supplemented 
with 500 mg/mL neomycin sulfate (G418). COS-7 cells (1 × 106) were 
transfected with 10 mg of the vector pHGLPR-1 (containing a human 
GLP-1 receptor cDNA 29) using 40 mg Lipofectase (GIBCO BRL, 
Gaithersburg, MD) as outlined by the manufacturer. Cells were placed 
under selective pressure by growth in medium containing G418 for 10 
to 14 days. Upon foci formation, cell clones were isolated and 
expanded. Cell clones were screened for GLP-1 receptor expression by 
competitive binding assays (description follows). Five positive cell 
clones were further expanded (clone 2, 7, 15, 16, and 18), and cell clone 
16 was subsequently used for binding assays and receptor coupling 
analyses. 
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Competitive Binding Studies 

[125I]GLP-1 (specific activity, 1,600 to 2,000 Ci/mmol) was obtained 
from Peninsula Laboratories (Belmont, CA). Displacement of 
[~25I]GLP-1 binding from the human GLP-1 receptor expressed in 
COS-7 clone 16 cells was measured in the presence of varying 
concentrations of either GLP-1 (Sigma), exendin(9-39), exe-M, exe- 
GN, or exe-GN-SA. For the binding studies, COS-7 clone 16 cells were 
plated in 12-well dishes and cultured to approximately 60% confluency. 
The cells were then treated in triplicate as follows: (1) one wash at room 
temperature with Hanks balanced salt solution (HBSS) containing 
20-mmol/L HEPES, pH 7.4, 0.5 mL/well; (2) incubation at 4°C 
overnight with ice-cold HBSS containing 20 mmol/L HEPES (pH 7.4), 
0.5% bovine serum albumin, 0.1 mmol/L phenylmethylsulfonyl fluo- 
ride, 0.07 pCi/mL [125I]GLP-1, and varying concentrations (0 to 1,000 
nmol/L) of unlabeled competing peptide, 1 mL/well; (3) two washes 
with ice-cold 0.9% NaC1 solution, 0.5 mL/well; and (4) lysis at room 
temperature with 1% sodium dodecyl sulfate/0.2N NaOH for 2 hours, 
0.5 mL/well. Radioactivity associated with the lysates (0.25 mL/ 
sample) was determined using a gamma counter. Data were analyzed by 
plotting radioactivity associated with the ceils versus the concentration 
of the cold peptide added. Dissociation binding constants (Kd) and 
inhibition constants (Ki) were calculated essentially as outlined by 
Yamaoka et al. 3° 

Determination of Receptor-Coupled Production 
of Cyclic Adenosine Monophosphate 

COS-7 clone 16 cells plated in 12-well dishes and cultured to 
approximately 60% confluency were treated with supplemented DMEM 
containing 1 mmol/L 3-isobutyl-l-methylxanthine ([IMBX] Sigma) for 
15 minutes at 37°C (1 mL/well). To duplicate wells, either saline 
(control), 5 gL GLP-1 (final concentration, 3 nmol/L) alone, or GLP-1 
(3 nmol/L) and 5 gL of each respective exendin peptide (final 
concentration, 250 nmol/L) were added in the presence of IBMX for 15 
minutes at 37°C. The medium was removed, and the cells were washed 
twice with unsupplemented DMEM followed by cell lysis with 50 
mmol/L HC1 (0.5 mL/well) for 1 hour on ice. Cell lysates were 
neutralized with 50 mmol/L NaOH (0.5 mL/well) and then analyzed 
(100 gL) in duplicate for cyclic adenosine monophosphate (cAMP) 
using the nonacetylation assay of the Amersham (Arlington Heights, IL) 
SPA kit (Biotrak RPA 538). Data are expressed as percent cellular 
cAMP produced, normalized to treatment with GLP-1 alone. 

Incretin Action of lntravenously lnfused Peptides 
in Fasted Anesthetized Rats 

Male Sprague-Dawley rats (160 to 240 g) were obtained from 
Charles River (Portage, MI), acclimated to standard rat chow and water 
ad libiturn, and then fasted overnight. Rats were lightly anesthetized by 
ether inhalation prior to collection of blood samples from the retro- 
orbital sinus and injection of materials into the tail vein. The animals 
received peptide injections at time points T O and T30: To injections 
contained a 0.3-nmol/kg dose of GLP-1 (7-36 amide) with either saline, 
exendin(9-39), exe-M, exe-GN, or exe-GN-SA (all exendin peptide 
doses 5 nmol]kg); T30 injections contained a 0.3-nmol/kg dose of GLP-1 
alone. Blood samples were collected in heparinized tubes at the 
indicated post-T0 time points (3, 15, 30, 33, 45, and 60 minutes) from 
the retroorbital sinus under light ether anesthesia. Circulating insulin 
levels were measured in duplicate serum samples (50 pL) using a rat 
insulin immunoassay (Linco, St Charles, MO). Data are reported as the 
mean - SE for values from the individual experiments; n refers to the 
number of rats used for each data point. 

Fate of [3H]Exendin Peptides in Rat Serum 

[3H]-labeled exendin peptides were purified by HPLC on the day 
before the experiment (outlined earlier). On the day of the study, rats 

were anesthetized by ether inhalation followed by a retroorbital sinus 
bleed to acquire a sample for the To time point. The animals 
subsequently received tail vein injections of peptide at time point To. 
Injections contained a 5-nmol/kg dose of either exel-M, exel-GN, or 
exel-GN, or exel-GN-SA in 20 mmol/L HEPES buffer (pH 7.4). Blood 
samples were collected by retroorbital bleeds into heparinized tubes at 
the time points indicated (2.5, 5, 8, 11.5, 15, 30, 45, and 60 minutes 
postinjection. All serum samples (75 [.tL) were analyzed in duplicate for 
tritium by scintillation counting. 

HPLC Analysis of Serum Samples 

Serum samples were separated by reverse-phase HPLC. A Brownlee 
(Santa Clara, CA) RP-18 Spheri-5, 4.6-ram × 10-cm column with a 
2-cm guard was used. Detection was made with a Flo-One HS detector 
from Radiomatic (Tampa, FL) fitted with a 250-pL flow cell. The 
mobile phase was 35% acetonitrile in water containing 0.02% (vol/vol) 
TFA and 0.02% N,N-dimethyloctylamine. The flow rate was maintained 
at 1 mL/min with a scintillant (Flo-Scint II) to column effluent ratio of 
4:1. Under these conditions, exel-M, exel-GN, and exel-GN-SA had a 
retention time of 12.3, 6.8, and 6.0 minutes, respectively. 

Rat serum samples were frozen prior to analysis. Early time point 
samples of 100 gL (2.5 to 8 minutes) were thawed, diluted with water to 
produce a final volume of 400 gL, and injected directly onto the HPLC 
system for analysis. The 11.5-, 15-, and 30-minute serum samples were 
thawed and purified on C-18 SEP-PAK cartridges (Waters, Milford, 
MA). The 45- and 60-minute time points, serum samples from three 
animals for each respective time point, were pooled and applied to C-18 
SEP-PAK columns; following elution of the adsorbed radioactivity with 
methanol, the samples were dried under nitrogen and analyzed by 
HPLC as outlined before. 

RESULTS 

Glycosylation and Characterization of Exe-M Peptide 

To produce a glycosylated exendin(9-39) molecule, an ana- 
log of the peptide was required that contains a site for enzymatic 
O-glycosylation. Results from structure-activity studies on 
GLP-1 and exendin-4 have shown that the residues critical for 
GLP-1 receptor binding and activation reside predominantly in 
the N-terminal half of the peptides. 31-36 Although the C-terminal 

half of GLP-1 contains several residues that contribute to 
selective recognition of the GLP-1 receptor, 32,33 studies have 
indicated that the extreme C terminus is not critical for GLP-1 
receptor affinity. 31,33-35 In addition, exendin-4, which contains a 
nine-residue C-terminal extension in relation to GLP-1, is a 
potent GLP-1 receptor agonist? ° Therefore, with the goal of 
synthesizing a bioactive exendin(9-39) analog that could be 
glycosylated, the C-terminal portion of exendin(9-39) was 
selected for the introduction of an O-linked glycosylation site. 
The resulting exe-M contained an altered C-terminal amino acid 
sequence of PPASTSAPG (Fig 1), which was previously 
determined to be an efficient in vitro acceptor sequence for 
GalNAc-T1. 3v Using either recombinant  soluble bovine  
GalNAc-T1 or GalNAc-T1 in combination with recombinant 
soluble chicken Sialyl-T, this peptide was glycosylated over- 
night to greater than 90% under the conditions outlined in the 
Methods. The resulting glycosylated peptides, exe-GN and 
exe-GN-SA (Fig 1), were purified by HPLC and characterized 
by compositional analysis, glycosidase digestion (specific for 
the saccharide linkages), and electrospray mass spectroscopy 
(data not shown). Together, these analyses indicated that the 
exe-M core peptide was intact, and that both exe-GN and 
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HAEGT ET S DVS S YL EGQAAKE FIAWLVKGR GLP-I (7-36) 

HG~GTFTSDLSKQMEEEAVRLFIEWLKNGGPSSGAPSS Native Exe-4 (1-39) 

DLS KQMEEEAVRLFI EWLKNGGPS S GAPS S Exendin (9-39) 

DLSKQMEEEAVRL FI EWLKNGGPPASTSAPG Exe-M 

Exe GN DL SKQMEEEAVRL FI EWLKNGGPPASTSAPG 

I 
GalNAc 

DLSKQMEEEAVRL FI EWLKNGGPPASTSAPG 

I 
GalNAc 

I 
~2,6 Net~c 

Exe-GN-SA 

Fig 1. Reengineering and glycosylation of exendin(9-39). An exen- 
din(9-39) peptide was synthesized in which C-terminal residues 32-39 
were modified to contain an acceptor site for O-linked glycosylation. 
Either GalNAc-T1 or GaINAc-T1 in combination with soluble chicken 
SialyI-T were used to generate the glycosylated forms of exe-M in 
vitro. All peptides were purified by reverse-phase HPLC, lyophilized 
overnight, and stored at -20°C. 

exe-GN-SA contained carbohydrate structures identical to those 
found in nature. 

In Vitro Activity of Native Exendin(9-39) and Exe-M 

GLP-1 receptor binding studies were used to determine 
the binding kinetics and the GLP-1-inhibitory effect of exendin- 
(9-39) and its modified, nonglycosylated and glycosylated 
analogs. Although exendin(9-39) is an antagonist of the GLP-1 
receptor, it is able to bind to the receptor with an affinity similar 
to GLP-1. 2]'22'24'36'38'39 A COS-7 cell clone (clone 16) constitu- 
tively expressing the GLP-1 receptor was prepared and shown 
to display high-affinity binding of GLP-1 (Kj = 0.56-+ 0.3 
nmol/L). The native COS-7 cells displayed no detectable GLP-1 
binding. Preliminary studies with exendin(9-39) found that this 
peptide displaced [125I]GLP-1 binding from clone 16 cells with 
a potency (K/= 1.97 nmol/L) in the range previously re- 
ported, m,22,24,38 Exe-M, exe-GN, and exe-GN-SA all had bind- 
ing activity similar to native exendin(9-39) (~  = 2.29, 3.96, 
and 2.58 nmol/L, respectively). These results suggest that 
modifying the amino acid residues in the carboxyl terminus of 
exendin, as well as adding monosaccharides or disaccharides to 
exe-M, does not significantly alter the binding affinity of the 
peptide for the GLP- 1 receptor (Fig 2). 

The binding of GLP- 1 to the GLP- 1 receptor induces receptor 
coupling to adenylate cyclase, resulting in cAMP production. 4° 
It has been shown previously that although exendin(9-39) can 
bind to the GLP-1 receptor, it does not cause receptor coupling. 
Furthermore, exendin(9-39) can act as an antagonist of GLP-1- 
stimulated cAMP production in cells expressing the GLP-1 
receptor} ~,22,38,39 Using COS-7 clone 16 cells, a study was 
performed to determine the ability of exendin(9-39) analogs to 
inhibit GLP-l-induced cAMP production. To establish the 
assay parameters, clone 16 cells were initially treated for 15 
minutes with increasing concentrations of GLP-1 alone. This 
resulted in a dose-dependent increase in cAMP production, with 
an apparent 50% effective dose of 3 nmol/L that is essentially 
identical to the level reported previously for COS-7 cells 
expressing the recombinant GLP-1 receptor} 9,4° Subsequently, 
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Fig 2. Displacement of [~2611GLP-1 binding to its receptor by cold 
GLP-1 and exendin peptides. Transfected COS-7 cells stably express- 
ing the human GLP-1 receptor were incubated in the presence of 
radioiodinated GLP-1 and increasing concentrations of either GLP-1 
(O), exendin(9-39) (+), exe-M (A), exe-GN (&), or exe-GN-SA (0) for 15 
hours at 4°C. The cells were then washed, and radioactivity was 
measured in a gamma counter. GLP-1 displaced radioactive tracer 
binding with Kd = 0.56 nmol/L, exendin(9-39) with KI = 1.97 nmol/L, 
exe-M with K~ = 2.29 nmol/L, exe-GN with Ki = 3.96 nmol/L, and 
exe-GN-SA with Ki = 2.58 nmol/L. 

using a half-maximal concentration of GLP-1 (3 nmol/L), the 
antagonistic effects of exendin(9-39), exe-M, and glycosylated 
exe-M peptides were assessed by their ability to decrease the 
GLP- 1-induced elevation of cAMP in clone 16 cells. It has been 
previously demonstrated that the maximal inhibition of cAMP 
production requires a 50- to 100-fold higher concentration of 
exendin(9-39) in relation to GLP-1} 1,38 Using an antagonist 
concentration of 250 nmol/L, exendin(9-39) and its analogs 
displayed between 86% and 91% inhibition of GLP- l-induced 
cAMP production in cells cotreated with 3 nmol/L GLP-1 
(Fig 3). These data, in addition to the receptor binding data 
presented, suggest that exe-M, exe-GN, and exe-GN-SA have 
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Fig 3. Inhibition of GLP-l-induced cAMP production by exendin(9- 
39), exe-M, exe-GN, and exe-GN-SA. COS-7 cells (clone 16) stably 
expressing the human GLP-1 receptor were incubated for 15 minutes 
in the absence or presence of 3 nmol/L GLP-1 alone or in the presence 
of GLP-1 (3 nmol/L) and 250 nmol/L of each of the following 
antagonists: exendin(9-39), exe-M, exe-GN, and exe-GN-SA. Data are 
the percent of cellular cAMP produced, normalized to cells treated 
with GLP-1 alone. 
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in vitro activity and potency similar to that of native exendin- 
(9-39). 

Analysis of the Antagonistic Effect of Exendins 
on Insulin Release In Vivo 

To address the in vivo biological activity of modified and 
glycosylated exendin(9-39) peptides, we investigated whether a 
single injection of nonglycosylated or glycosylated exe-M 
peptides, in rats could antagonize the insulintropic effect of two 
injections of GLP-1 given 30 minutes apart. Fasted rats were 
anesthetized and bled prior tO injection. The dose of GLP-1 and 
exendin(9-39) peptide analogs was chosen to achieve maximal 
inhibition of the GLP-1 insulintropic effect based on previously 
reported results. 24 Rats were injected with either a 0.3-nmol/kg 
dose of GLP-1 alone or GLP-I (0.3 nmol/kg) in combination 
with exe-M, exe-GN, or exe-GN-SA (each at 5 nmol/kg). Rats 
injected with saline at both time points served as the negative 
control. At 3 minutes postinjection, plasma insulin levels were 
150% higher than with the saline control in rats dosed only with 
GLP-1, as compared with 74%, 75%, and 20% in rats receiving 
GLP-1 coadministered with exe-M, exe-GN, and exe-GN-SA, 
respectively (Fig 4). All rat groups had plasma insulin near 
control levels after 15 minutes. With the exception of the saline 
control, all rat groups received a second injection of GLP-1 (0.3 
nmol/kg) at 30 minutes. This resulted in an immediate elevation 
of plasma insulin to 280% of the saline control in rats receiving 
only GLP-]. By contrast, rats that were originally injected with 
exe-M and exe-GN displayed more moderate increases of 
plasma insulin (160% and 110%, respectively), while rats that 
received exe-GN-SA exhibited an increase of only 30% (Fig 4). 
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Fig 4. In vivo antagonistic effects of exendin(9-39) and modified 
nonglycosylated and glycosylated exendin(9-39) homologs on exog- 
enously administered GLP-1. Five rat groups were used, All groups 
received tail vein injections at time points To and T30 (30 minutes 
apart, arrows). Group 1 (+) received 2 injections of saline. Group 2 (D) 
received 2 injections of GLP-1 (0.3 nmol/kg). Group 3 (O) received a 
mixture of GLP-1 (0.3 nmol/kg) and exe-M (5 nmol/kg) at To and GLP-1 
(0.3 nmol/kg) at T30. Group 4 (&) received a mixture of GLP-1 (0.3 
nmol/kg) and exe-GN (5 nmol/kg) at To and GLP-1 (0.3 nmol/kg) at T30, 
Group 5 (V) received a mixture of GLP-1 (0.3 nmol/kg) and exe-GN-SA 
(5 nmol/kg) at To and GLP-1 (0.3 nmol/kg) at T30. Serum samples were 
collected at 0, 3, 15, 30, 33, 45, and 60 minutes after the initial 
injection, The circulating plasma insulin level was measured by rat 
insulin-specific immunoassay (Linco) and is expressed as a percent of 
the level at time zero. Data represent the mean of 9 rats per group. 
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Measurement of serum radioactivity following injection of 
[3H]-Iabeled exe-M and glycosylated exe-M. Three rat groups were 
used. All groups received tail vein injections at time point To. Group 1 
(A) received exel-M (5 nmol/kg), group 2 (&) exel-GN (5 nmol/kg), 
and group 3 (0) exeI-GN-SA (5 nmol/kg). Blood samples were taken 
at 0, 1,2.5, 5, 8, 11.5,15, 30, 45, and 60 minutes postinjection. For each 
time point, radioactivity in 75 rtL serum was analyzed by scintillation 
counting. Data represent the mean of 6 rats per group. 

These results demonstrate that all exendin(9-39) derivatives are 
capable of inhibiting the GLP-1-induced release of insulin in 
vivo. The data also strongly suggest that glycosylated exe-M 
peptides have a more prolonged inhibitory effect than the 
nonglycosylated peptide. Interestingly, the disaccharide- 
containing peptide (exe-GN-SA) inhibited the elevation of 
plasma insulin, following the second administration of GLP-1 
nearly four times more efficiently than the peptide containing 
only the monosaccharide (exe-GN). 

Fate of Native and Glycosylated Exendin(9-39) in Serum 

The outcome of the in vivo study suggested that the 
disaccharide-containing exendin (exe-GN-SA) may have a 
longer half-life in serum than either exe-M or exe-GN. Previous 
studies have shown that glycosylated peptides and proteins can 
have a longer serum half-life than their nonglyeosylated counter- 
parts. 41-44 Additionally, the presence of terminal sialic acid 
residues on carbohydrate side chains has been shown in some 
cases to further extend the circulatory properties of glycoconju- 
gates in vivo (Saxena et a144 and references therein and 
Szkudlinski et a145). To examine the half-life of exendin(9-39) 
analogs in vivo, a tritium-labeled form of exe-M was prepared 
(exel-M) and used for synthesis of the glycosylated derivatives 
exel-GN and exe~-GN-SA. Using these labeled peptides, serum 
tritium levels in rats were measured over time following an 
intravenous bolus of 5 nmol/kg of either exel-M, exel-GN, or 
exel-GN-SA. The measured half-life of radioactivity associated 
with the three peptides was approximately 1.0, 1.3, and 1.4 
minutes for exe-M, exel-GN, and exeFGN-SA, respectively 
(Fig 5). The data from this experiment suggest that the plasma 
half-life of the three exendin derivatives is similar. This result 
was somewhat unexpected, based on the outcome of the 
bioactivity study (description follows). However, the rank order 
of the duration of action of the peptides in vivo correlated with 
the half-life results. 

Thus, to further analyze the fate of the peptides in serum, 
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samples were subjected to fractionation on reverse-phase HPLC 
such that intact peptide 5 could be separated from truncated 
metabolites. Serum samples from early time points (2.5 through 
8 minutes) containing either exe~-M, exel-GN, or exel-GN-SA 
all displayed retention times, based on radioactivity, that 
appeared identical to the native intact standards. Only very 
small amounts of radioactivity were detected in the void 
volume, indicating the presence of a minimal amount of 3H20 in 
the samples (data not shown). Direct analysis of the later time 
points in the study (15 to 60 minutes) was not possible, due to 
limited volumes and low radioactivity levels present in the 
collected samples. For the 15- and 30-minute time points, the 
samples were extracted on C18 solid-phase cartridges (C18 
SEP-PAK). This procedure effectively separated 3H20 and any 
other polar radioactive metabolites from the parent peptides. By 
comparing the relative amount of unretained (water elute) and 
retained (methanol elute) radioactivity, the percent of unmetabo- 
lized peptide in the serum was determined. The results of this 
analysis for serum samples from 0 (control), 15, and 30 minutes 
are presented.in Table 1. At the 15- and 30-minute time points 
for all three peptides, a significant portion (> 70%) of 
serum-associated radioactivity is still retained on the C18 
cartridges. The material not retained presumably represents 
polar metabolites. The relative distribution of retained and 
unretained radioactivity was similar for the three peptides. 

To analyze the 45- and 60-minute time points, these serum 
samples were pooled (see the Methods) and initially separated 
on Cts SEP-PAK cartridges. Thereafter, to determine whether 
the retained radioactivity on C18 cartridges was in fact associ- 
ated with the respective parent peptide and not with apolar 
metabolic fragments, the adsorbed radioactive fractions from 
pooled 45- and 60-minute serum samples were examined by 
HPLC. Analysis of each of the glycosylated peptide fractions 
(exe~-GN and exel-GN-SA) showed single well-defined radio- 
active peaks eluting with retention times similar to those of the 
native peptides. By contrast, separation of exel-M yielded a 
broad asymmetric peak, indicating the presence of several 
peptide species with comparable chromatographic properties 
(Fig 6). The low level of radioactivity recovered from these 
samples precluded any further analysis. In summary, these data 
suggest that in relation to the nonglycosylated exel-M, the 
glycosylated analogs are less susceptible to degradation in rat 
serum for up to 60 minutes. Furthermore, the addition of a 
carbohydrate side chain to exendin(9-39) may aid in the 
protection of this peptide from clearance or modification in 
vivo. 

DISCUSSION 

NIDDM is a metabolic disease that affects up to 5% of the 
worldwide population and is currently considered a major 
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Fig 6. Separation of metabolites generated between 45 and 60 
minutes after intravenous administration of exel, exel-GN, and 
exe~-GN-SA. Rats received a bolus tail vein injection of either exel-M, 
exel-GN, or exel-GN-SA. At 45 and 60 minutes postinjection, serum 
samples were collected, pooled, and separated on C18 SEP-PAK 
cartridges. The eluted adsorbed radioactivity from SEP-PAK car- 
tridges for each exendin(9-39) analog was analyzed by HPLC. (A) Exel, 
(B) exe~-GN, and (C) exel-GN-SA, show reverse-phase HPLC separa- 
tion profiles of SEP-PAK adsorbed radioactivity. 

unmet medical need. Existing therapies for the treatment of this 
disease are not very effective, mad complications contribute 
substantially to healthcare costs. 46 The antidiabetic peptide 
GLP-1 and analogs like exendin-4 represent alternatives for 
NIDDM therapy. However, these molecules have significant 
shortcomings due to their short duration of action 12J3 and 
susceptibility to rapid proteolytic degradation and inactivation 
in serum. 14"18 

Peptides in general have often been described as poor 
therapeutics, due to factors such as low aqueous solubility, poor 
oral availability, and short serum half-life. 47-49 Several strategies 
aimed at circumventing the bioavailability problems of peptide 
therapeutics have been devised, such as the use of solubility- 
enhancing formulations, polymer encapsulization, and synthe- 
sis of peptide analogs that are resistant to proteolytic degrada- 
tion. Recent studies have shown that the glycosylation of 

Table 1. Relative Serum Radioactivity Retained (methanol-eluted) and Unretained (water-eluted) After Application 
to Solid-Phase Extraction Columns 

"rime Exel-M Exe~-GN Exel-GN-SA 

(min) H20 Methanol H20 Methanol H20 Methanol 

0 3 97 - -  - -  8 92 

15 17_+13 83_+ 15 17_+8 8 3 + 8  15 +13  89_+5 

30 24_+ 11 76_+ 14 23-+12 77-+12 26-+8 74-+8 

NOTE. Values are the percent of total counts from an average of 3 animals (mean _+ SD). 



722 MEURER ET AL 

peptides can, to some extent, alleviate the problems associated 
with the use of these molecules as therapeutics. 41,42,5°,51. Glyco- 
sylated peptides appear less susceptible to liver clearance via 
the bile, thereby gaining an increased serum half-life. Addition- 
ally, glycosylated peptides are often more resistant to proteo- 
lytic digestion and typically acquire an increased aqueous 
solubility (Harrison et al 4z and references therein). 

Previous studies on glycosylated bioactive peptides used 
chemical techniques to conjugate the sugar moiety to the 
peptide. 41,5°-52 However, these procedures have notable limita- 
tions in that they involve multiple reaction steps with varying 
product recovery, and often require considerable product purifi- 
cation and characterization efforts at each reaction step. In 
addition, exact anomeric configurations and linkage positions of 
the saccharide, which often are absolute requirements in 
biological applications, further enhance the complexity of 
chemical synthesis techniques. Lastly, due to the complexity of 
these procedures, the final yields of glycosylated product are 
frequently low. 

Enzymatic glycosylation procedures circumvent the majority 
of the difficulties found with chemical glycosylation (reviewed 
in Ichikawa et a153). For example, glycosylation by enzymatic 
means produces carbohydrate smactures with anomeric and 
linkage configurations identical to those found in nature. In this 
study, the carbohydrate side chains conjugated to the exe-M 
peptide are identical to structures found on several character- 
ized mammalian glycoproteins (reviewed in Schachter and 
Brockhansen54). Conversely, studies on in vitro glycosylated 
bioactive peptides that relied on chemical glycosylation meth- 
ods produced glycoconjugates of a type not normally found on 
mammalian secreted and cell-surface proteins. 41,42,sl A second 
advantage of enzymatic glycosylation is that peptides or 
proteins can be rapidly (within hours) and efficiently glyco- 
sylated with a specific glycosyltransferase or set of glycosyltrans- 
ferases, using a simple "one-pot" reaction without generating 
side reactions and byproducts. In the investigation reported 
here, the typical yields were greater than 90%. Lastly, glyco- 
sylated peptide products can be rapidly purified on reverse- 
phase HPLC with high yields (> 60%). Limitations previously 
associated with the enzymatic glycosylation of peptides, such as 
the requirement for specific glycosyltransferases and identifica- 
tion of efficient acceptor sites, have largely been overcome by 
the cloning and expression of peptide glycosylating enzymes 
and the description of sequence features associated with high- 
efficiency glycosylation acceptors. 37,55,56 

The experiments presented in this report represent the first 
attempt to use enzymatic O-glycosylation as a means of altering 
the in vivo properties of a bioactive peptide. Results from the in 
vivo studies suggest that the glycosylated forms of exe-M, 
particularly the disaccharide-containing peptide, have longer- 
lasting inhibitory effects on GLP-1 action in vivo. Given the 
apparent unaltered functional properties of the glycosylated 
exendins, a likely explanation for this would be that glyco- 
sylated exe-M peptides have a longer serum half-life than the 
nonglycosylated exe-M. However, for measurements of the 
half-life of radioactivity in serum following injection of exel-M, 
exel-GN, and exel-GN-SA, only small differences were de- 
tected between the three peptides. Additionally, analysis of 
serum samples from time points up to 30 minutes postinjection 

suggested a similar rate of conversion to hydrophilic metabo- 
lites for all three peptides, again inconsistent with a significantly 
longer serum half-life for the glycosylated peptides. A compari- 
son of HPLC profiles from underivatized exel-M to the two 
glycosylated forms of the molecule after 60 minutes in circula- 
tion suggests that while the glycosylated peptides appear largely 
intact, the underivatized exel-M is not (Fig 6). Thus, the 
difference in the duration of GLP-1 receptor antagonism 
between the exendin derivatives appears to be due in part to a 
greater susceptibility to modification of exe-M, as compared 
with the two glycosylated derivatives. It is unknown whether 
glycosylation in this case might also affect the extravascular 
distribution or half-life of the exe-M peptides. The longer 
duration of action of the disaccharide-contalning exendin(9-39) 
analog compared with the analog containing a monosaccharide 
raises the possibility that the sialic acid residue on exel-GN-SA 
protects the peptide from more rapid liver clearance. Sialic acid 
"caps" are believed to regulate the clearance of plasma 
glycoproteins by the asialoglycoprotein receptor in the liver, 
and this type of substitution may also be of importance for 
interaction with the N-acetylgalactosamine/galactose receptor 
in Kupfer cells (Meijer and Ziegler 4s and references therein). 
Still, additional investigation is clearly required to determine 
unequivocally the reason(s) for the longer therapeutic effect of 
glycosylated exendins. 

In this context, it should also be noted that an important 
process in the clearance of the intact hormone, GLP-l(7- 
36)amide, involves proteolytic cleavage by dipeptidyl dipepti- 
dase IV (DPP4). 15 Inhibition of DPP4 has been shown to lead to 
an extended duration of action of GLP-1 in vivo. 57 Since 
exendin(9-39) lacks the sequence motif that is a substrate for 
DPP4, the extended activity provided to exendin(9-39) analogs 
by glycosylation may not apply to GLP-l(7-36)amide. On the 
other hand, glycosylation of either exendin-4 or one of several 
DPP4-resistant GLP-1 analogs 5s (reviewed in Drucker 59) may 
well result in an extension of the (in vivo) biological activity 
of these peptides, analogous to the current findings for exendin- 
(9-39). 

Presently, GLP-1 is being evaluated as a potential therapeutic 
for the treatment of NIDDM. Moreover, exendin-4 has been 
suggested as an alternative therapeutic for this disease, due to its 
greater avidity for the GLP-1 receptor and its increased 
metabolic stability in serum (ie, resistance to metabolism 
by DPP4 and endopeptidase 24.11) as compared with 
GLP-1.17,19,2°,59,6° The results presented in this study suggest 
that the enzymatic C-terminal glycosylation of exe-M appears 
to have little, if any, effect on the binding efficiency and potency 
of this peptide in vitro and in vivo. Furthermore, the addition of 
an oligosaccharide results in a prolonged inhibitory effect of the 
peptide at the GLP-1 receptor in vivo, possibly by protecting the 
peptide from proteolytic degradation in serum. Preliminary data 
from our laboratory have shown that GLP-1 can be efficiently 
O-glycosylated and that the glycosylated peptides have activity 
and potency at the GLP-1 receptor nearly identical to native 
GLP-1. Hence, it is possible that glycosylation of either 
exendin-4 or a DPP4-resistant GLP-1 analog may result in a 
more efficacious therapeutic with increased metabolic stability 
and a longer duration of action in vivo. 



PROPERTIES OF GLYCOSYLATED EXENDIN(9-39) 723 

REFERENCES 

1. Orskov C: Glucagon-like peptide-1, a new hormone of the 
enteroinsular axis. Diabetologia 35:701-711, 1992 

2. Holst JJ: Glucagon-like peptide-1 (GLP-1)--A newly discovered 
GI hormone. Gastroenterology 107:1848-1855, 1994 

3. Fehmann HC, G6ke R, G/3ke B: Cell and molecular biology of the 
incretin hormones glucagon-like peptide-1 and glucose-dependent 
insulin releasing polypeptide. Endocr Rev 16:390-410, 1995 

4. Colca JR, Hillman RM: Potential peptide targets in NIDDM. Curr 
Opin Invest Drugs 3:37-39, 1994 

5. Holst JJ: GLP-1 in NIDDM. Diabet Med 13:S156-S160, 1996 
(suppl) 

6. NauckM: Therapeutic potential ofglucagon-likepeptide-1 in type 
2 diabetes. Diabet Med 13:$39-$43, 1996 (suppl) 

7. Nauck MA, Holst JJ, Willms B, et al: Glucagon-like peptide 
(GLP-1) as a new therapeutic approach for type-2 diabetes. Exp Clin 
Endocrinol Diabetes 105:187-195, 1997 

8. Byme MM, G/3ke B: Human studies with glucagon-like peptide- 1: 
Potential of the gut hormone for clinical use. Diabet Med 13:854-860, 
1996 

9. Jutti-Berggren L, Pigon J, Karpe F, et al: The antidiabetogenic 
effect of GLP-1 is maintained during a 7-day treatment period and 
improves diabetic dyslipoproteinemia in NIDDM patients. Diabetes 
Care 19:1200-1206, 1996 

10. Rachman J, Barrow BA, Levy JC, et al: Near-normalization of 
diurnal glucose concentrations by continuous administration of glucagon- 
like peptide-1 (GLP-1) in subjects with NIDDM. Diabetologia 40:205- 
211, 1997 

11. Nanck MA, Wollschlager D, Wener J, et al: Effects of subcutane- 
ous glucagon-like peptide-1 (GLP-1 [7-36 amide]) in patients with 
NIDDM. Diabetologia 39:1546-1553, 1996 

12. Kreymann B, Ghatei MA, Williams G, et al: Glucagon-like 
peptide-1 7-36: A physiological incretin in man. Lancet 2:1300-1304, 
1987 

13. 0rskov C, Wettergren A, Holst JJ: Biological effects and 
metabolic rates of glucagon-like peptide-1 7-36-amide and glucagon- 
like peptide-1 7-37 in healthy subjects are indistinguishable. Diabetes 
42:658-661, 1993 

14. Ruiz-Grande C, Alarc6n C, Alcfintara A, et al: Renal catabolism 
of truncated glucagon-like peptide-1. Horm Metab Res 25:612-616, 
1993 

15. Deacon CF, Johnsen AH, Holst JJ: Degradation of glucagon-like 
peptide-1 by human plasma in vitro yields an N-terminally truncated 
peptide that is a major endogenous metabolite in vivo. J Clin Endocrinol 
Metab 80:952-957, 1995 

16. Deacon CE Nanck MA, Toft-Nielsen M, et al: Both subcutane- 
ously and intravenously administered glucagon-like peptide-1 are 
rapidly degraded from the NH2-terminus in type II diabetic patients and 
in healthy subjects. Diabetes 44:1126-1131, 1995 

17. Hupe-Sodmann K, McGregor GP, Bridenbaugh R, et al: Charac- 
terization of the processing by human neutral endopeptidase 24.11 of 
GLP-l(7-36) amide and comparison of the substrate specificity of the 
enzyme for other glucagon-like peptides. Regul Pept 58:149-156, 1995 

18. Prindal L, Deacon CE Kirk JV, et al: Glucagon-like peptide-1 
(7-37) has a larger volume of distribution than glucagon-like peptide-1(7- 
36) amide in dogs and is degraded more quickly in vitro by dog plasma. 
Era" J Drug Metab Pharmacokinet 21:51-59, 1996 

19. Eng J, Kleiman WA, Singh L, et al: Isolation and characterization 
of exendin-4, an exendin-3 analogue, from Heloderma suspectum 
venum. Further evidence for an exendin receptor on dispersed acini 
from guinea pig pancreas. J Biol Chem 267:7402-7405, 1996 

20. Grke R, Fehmann HC, Linn T, et al: Exendin-4 is a high potency 
agonist and truncated exendin-(9-39)-amide is an antagonist at the 

glucagon-like peptide-l-(7-36)amide receptor of insulin secreting B- 
cells. J Biol Chem 268:19650-19655, 1993 

21. Fehmann HC, Jiang J, Schweinfurth J, et al: Stable expression of 
the rat GLP-1 receptor in CHO cells: Activation and binding character- 
istics utilizing GLP-1 (7-36) amide, oxyntomodulin, exendin-4, and 
exendin (9-39) arnide. Peptides 15:453-456, 1994 

22. Schepp W, Schmidtler J, Reidel T, et al: Exendin-4 and exendin 
(9-39) amide: Agonist and antagonist, respectively, at the rat parietal 
cell receptor for glucagon-like peptide-1-(7-36)amide. Eur J Pharmacol 
269:183-191, 1994 

23. Kolligs F, Fehmann HC, G6ke R, et al: Reduction of the incretin 
effect in rats by the glncagon-like peptide-1 receptor antagonist exendin 
(9-39) amide. Diabetes 44:16-19, 1995 

24. Wang Z, Wang RM, Owji AA, et al: Glucagon-like peptide-1 is a 
physiological incretin in rat. J Clin Invest 95:417-421, 1995 

25. D'Alessio DA, Vogel R, Prigeon R, et al: Elimination of the 
action of glucagon-like peptide-1 causes an impairment of glucose 
tolerance after nutrient ingestion by healthy baboons. J Clin Invest 
97:133-138, 1996 

26. Barany G, Merrifield RB: Solid-phase peptide synthesis, in 
Gross E, Meienhofer J (eds): The Peptides. New York, NY, Academic, 
1979, pp 1-284 

27. Homa FL, Baker CA, Thomsen DR, et al: Conversion of 
UDP-GalNAc:polypeptide, N-acetylgalactosaminyltransferase to a 
soluble, secreted enzyme and expression in Sf9 cells. Protein Exp Purif 
6:141-148, 1995 

28. Kurosawa N, Kojima N, Inoue M, et al: Cloning and expression 
of GalJ31,3GalNAc-specific GalNAc c~2,6-sialyltransferase. J Biol 
Chem 269:19048-19053, 1994 

29. Dillon JS, Tanizawa Y, Wheeler MB, et al: Cloning and 
functional expression of the human glucagon-like peptide-1 (GLP-1) 
receptor. Endocrinology 133:1907-1993, 1993 

30. Yamaoka K, Tanigawara Y, Nakagawa T, et al: A pharmacoki- 
netic analysis program (MULTI) for microcomputer. J Pharm Dyn 
4:879-885, 1981 

31. Suzuki S, Kawai K, Ohashi S, et al: Comparison of the effects of 
various C-terminal and N-terminal fragment peptides of glucagon-like 
peptide-1 on insulin and glucagon release from the isolated perfused rat 
pancreas. Endocrinology 125:3109-3114, 1989 

32. Adelhorst K, Hedegaard BB, Knudsen LB, et al: Structure- 
activity studies of glucagon-like peptide-1. J Biol Chem 269:6275- 
6278, 1994 

33. Gallwitz B, Witt M, Paetzold G, et al: Structure/activity charac- 
terization of glucagon-like peptide-1. Eur J Biochem 225:1151-1156, 
1994 

34. Watanabe Y, Kawai K, Ohashi S, et al: Structure-activity 
relationships of glucagon-like peptide-1(7-36)amide: Insulinotropic 
activities in perfused rat pancreases, and receptor binding and cyclic 
AMP production in RINm5F cells. J Endocrinol 140:45-52, 1994 

35. Gallwitz B, Witt M, Morys-Wortmann C, et al: GLP-1/GIP 
chimeric peptides define the structural requirements for specific ligand- 
receptor interactions of GLP- 1. Regul Pept 63:17-22, 1996 

36. Montrose-Rafizadeh C, Yang H, Rodgers BD, et al: High potency 
antagonists of the pancreatic glucagon-like peptide-1 receptor. J Biol 
Chem 272:21201-21206, 1997 

37. Elhammer AP, Poorman RA, Brown E, et al: The specificity of 
UDP-GalNAc:polypeptide N-acetylgalactosaminyltransferase as in- 
ferred from a database of in vivo substrates and from the in vitro 
glycosylation of proteins and peptides. J Biol Chem 268:10029-10038, 
1993 

38. Thorens B, Porret A, Bahler L, et al: Cloning and functional 
expression of the human islet GLP- 1 receptor. Diabetes 42:1678-1682, 
1993 



724 MEURER ET AL 

39. Widmann C, Dolci W, Thorens B: Agonist-induced internaliza- 
tion and recycling of the glucagon-like peptide- 1 receptor in transfected 
fibroblasts and in insulinomas. Biochem J 310:203-214, 1995 

40. Wheeler MB, Lu M, Dillon JS, et al: Functional expression of the 
rat glucagon-like peptide-1 receptor, evidence for coupling to both 
adenylyl cyelase and phospholipase-C. Endocrinology 133:57-62, 1993 

41. Fisher JF, Harrison AW, Bundy GL, et al: Peptide to glycopep- 
tide: Glycosylated oligopeptide renin inhibitors with attenuated in vivo 
clearance properties. J Med Chem 34:3140-3143, 1991 

42. Harrison AW, Fisher JD, Guido DM, et al: Appraisal of a 
glycopeptide cloaking strategy for a therapeutic oligopeptide: Glycopep- 
tide analogs of the renin inhibitor ditekiren. Bioorg Med Chem 
12:1339-1361, 1994 

43. Fumashi M, Shikone T, Fares FA, et al: Fusing the carboxy- 
terminal peptide of the chorionic gonadotropin(CG) [3-subunit to the 
common a-subunit: Retention of O-linked glycosylation and enhanced 
in vivo bioactivity of chimeric human CG. Mol Endocrinol 9:54-63, 
1995 

44. Saxena A, Raveh L, Ashani Y, et al: Structure of glycan moieties 
responsible for the extended circulatory life time of fetal bovine serum 
acetylcholinesterase and equine serum butytylcholinesterase. Biochem- 
istry 36:7481-7489, 1997 

45. Szkudlinski MW, Thotakura NR, Weintraub BD: Subunit- 
specific functions of N-linked oligosaccharides in human thyrotropin: 
Role of terminal residues of c~- and [3-subunit oligosaccharides in 
metabolic clearance and bioactivity. Proc Natl Acad Sci USA 92:9062- 
9066, 1995 

46. Rubin RJ, Altman WM, Mendelson DN: Health care expendi- 
tta'es for people with diabetes mellitus, 1992. J Clin Endocrinol Metab 
78:809A, 1994 (abstr) 

47. Plattner JJ, Norbeck DW: Obstacles to drug development from 
peptide leads, in Clark CR, Moos WH (eds): Discovery Technologies. 
Chichester, England, Harwood-Halsted, 1989, pp 92-128 

48. Meijer DFK, Ziegler K: Mechanisms for the hepatic clearance of 
oligopeptides and proteins, in Andus K, Raub T (eds): Biological 

Barriers to Protein Delivery, vol V. New York, NY, Plenum, 1994, pp 
339-408 

49. Lee VHL: Oral route of peptide and protein drug delivery. 
Biopharm 5:39-50, 1993 

50. Filira F, Biondi L, Cavaggion F, et al: Synthesis of O- 
glucosylated tuftsins by utilizing threonine derivatives containing an 
unprotected monosaccharide moiety. Int J Pept Protein Res 36:86-96, 
1990 

51. Polt R, Porreca F, Szab6 LZ, et al: Glycopeptide enkephalin 
analogues produce analgesia in mice: Evidence for penetration of the 
blood-brain barrier. Proc Natl Acad Sci USA 91:7114-7118, 1994 

52. Szab6 L, Ramza J, Langdon C, et al: Stereoselective synthesis of 
O-serinyl/threoninyl-2-acetamido-2-deoxy-alpha- or beta-glycosides. 
Carbohydr Res 274:11-28, 1995 

53. Ichikawa y, Look GC, Wong CH: Enzyme-catalyzed oligosaccha- 
ride synthesis. Anal Biochem 202:215-238, 1992 

54. Schachter H, Brockhausen I: The biosynthesis of serine (threo- 
nine)-N-acetylgalactosamine-linked carbohydrate moieties, in Allen 
HJ, Kisallus EC (eds): Glycoconjugates, Composition, Structure and 
Function. New York, NY, Dekker, 1992, pp 263-332 

55. Kleene R, Berger EG: The molecular and cell biology of 
glycosyltransferases. Biochim Biophys Acta 1154:283-325, 1993 

56. Lis H, Sharon N: Protein glycosylation: Structural and functional 
aspects. Eur J Biochem 218:1-27, 1993 

57. Deacon CF, Hughes TE, Holst JJ: Dipepfidyl pepfidase IV 
inhibition potentiates the effect of glucagon-like pepfide 1 in the 
anesthetized pig. Diabetes 47:764-769, 1998 

58. Deacon CF, Knndsen LB, Madsen K, et al: Dipepfidyl peptidase 
IV resistant analogues of glucagon-like peptide-1 which have extended 
metabolic stability and improved biological activity. Diabetologia 
41:271-278, 1998 

59. Dmcker DJ: Glncagon-like peptides. Diabetes 47:159-169, 1998 
60. Eng J, Eng C: Exendin-3 and exendin-4 are insulin secreta- 

gogues. Regul Pept 40:142, 1992 (abstr) 


