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In pursuit of truncated glucagon analogues that can interact with the glucagon receptor with
substantial binding affinity, 23 truncated glucagon analogues have been designed and
synthesized. These truncated analogues consist of several fragments of glucagon with 11 or 12
amino acid residues (1-4), conformationally constrained analogues containing the sequence
of the middle region of glucagon (5-15), and truncated analogues containing the sequence of
the C-terminal region (16-23). Biological assays of these analogues showed that the truncated
glucagon analogues with the sequence of the C-terminal region possess significantly better
binding affinity compared to the truncated analogues with the sequence of the middle region,
and these analogues (17-23) demonstrated potent antagonistic activity (pA2 values between
6.5 and 7.5). On the basis of these results, it can be suggested that glucagon interacts with its
receptor with two hydrophobic patches located in the middle and the C-terminal regions of
glucagon, and both hydrophobic patches are necessary for significant receptor recognition. These
two hydrophobic binding motifs, located in two different regions of glucagon, appear to be the
reason why the earlier attempts to obtain truncated analogues with good binding affinity did
not result in any success. Long peptide hormones such as glucagon seem to require more than
one binding pocket on the receptors for maximal interaction.

Introduction

Glucagon is a peptide hormone, which consists of 29
amino acid residues, and is secreted by the R-cells of
pancreatic islets (Figure 1). The secretion of glucagon
is primarily controlled by blood glucose levels, and
during the hypoglycemic state, glucagon is secreted by
R-cells of pancreas, released into the blood, and deliv-
ered to its target organs, especially hepatocytes and
adipocytes.1 Glucagon has a very important role in
glucose homeostasis, stimulating gluconeogenesis and
glycogenolysis in hepatocytes2 and stimulating lipolysis
in the adipocytes.3 Glucagon exerts its activity via a
seven-transmembrane G protein-coupled receptor, and
the rat and human glucagon receptors have been
cloned.4,5

Diabetes mellitus is a widespread, degenerative dis-
ease that can be divided into two major categories: type
I, or insulin-dependent diabetes mellitus (IDDM); and
type II, or non-insulin-dependent diabetes mellitus
(NIDDM). Although the role of glucagon in pathogenesis
of diabetes is controversial, abnormally high concentra-
tions of glucagon are found in diabetic patients.6 The
proposed bihormonal hypothesis in diabetes mellitus
postulates that insulin deficiency causes impairment of
glucose utilization, and glucagon is a primary mediator
of the overproduction of glucose and ketone bodies.

Several glucagon antagonists, such as [NR-trinitro-
phenyl-His1, homo-Arg12]glucagon7 (THG; IC50 ) 15.0
nM; pA2 ) 8.16), [desHis1, Glu9]glucagon amide8 (IC50
) 3.75 nM; pA2 ) 7.25), and [desHis1, desPhe6, Glu9]-
glucagon amide9 (IC50 ) 48.0 nM; pA2 ) 8.20) which
bind to the plasma membrane receptor and competi-
tively prevent the binding of glucagon and some aspects

of glucagon action,10,11 have been developed. But except
for the latter compound, [desHis1, desPhe6, Glu9]-
glucagon amide, THG and [desHis1, Glu9]glucagon
amide have been shown to be partial agonists by the
cAMP accumulation assay.11 The glucagon antagonist
[desHis1, desPhe6, Glu9]glucagon amide was tested in
vivo, where it lowered the blood glucose levels to 60%
in streptozotocin-induced diabetic rats,11 as the glucagon
antagonists THG10 and [desHis1, Glu9]glucagon amide12

did. On the other hand, similar normalization of blood
glucose concentration was successfully achieved by
using a monoclonal glucagon antibody to immunoneu-
tralize endogenous glucagon.13 These studies demon-
strate the potential use of potent glucagon antagonists
for therapeutic applications.

As observed earlier for peptide hormones such as
glucagon, obtaining relatively small size ligands with
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Figure 1. Primary structure of glucagon.
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substantial biological activities has been a difficult goal
for structure-activity relationship studies. Generally,
truncated peptide hormone analogues allow the re-
searchers to synthesize analogues with less effort,
materials, and time and to study more systematically
structure-activity relationship. This approach would be
especially beneficial for longer peptides such as gluca-
gon. In pursuit of potent truncated glucagon analogues,
extensive structure-activity relationship studies have
been carried out,14,15 but all the attempts to obtain
biologically active glucagon analogues that are substan-
tially truncated have failed to date. Table 1 shows a few
of the truncated glucagon analogues reported earlier.
Small fragments of glucagon in the C-terminal region,
such as glucagon(20-29), glucagon(22-29), glucagon-
(16-24), and glucagon(19-29), and the N-terminal
region, such as glucagon(1-6), glucagon(1-12), gluca-
gon(1-15), and glucagon(1-17), were found to have no
biological activity or receptor binding affinities even at
millimolar concentrations.15-18 On the other hand, [Glu9]-
glucagon(7-29) amide and [Glu9]glucagon(9-29) amide
showed very weak binding affinity (0.33% and 0.04%
relative to glucagon, respectively).19

Although a truncated glucagon analogue with potent
binding affinity has not been successfully synthesized
to date, several non-peptidic glucagon antagonists were
reported by pharmaceutical companies (Figure 2).20-22

However, some of these small molecule glucagon an-
tagonists appeared not to interact with the same glu-

cagon binding site in the glucagon receptor.20,21 One of
these noncompetitive antagonists seems to bind deep
into the transmembrane region of the glucagon receptor
to inhibit glucagon from binding allosterically.21

Therefore, a major goal in this research has been to
design and synthesize truncated glucagon analogues
and determine the minimum sequence for substantial
receptor binding affinity. In this study, 23 glucagon
analogues were synthesized (Table 2). These include
several glucagon fragments with 11 or 12 amino acid
residues in order to determine the structural require-
ments for the receptor binding of glucagon, as well as
conformationally restricted truncated analogues con-
taining the sequence of the middle region of glucagon,
and finally truncated analogues containing the sequence
of the C-terminal region.

Results and Discussion

Development of truncated analogues of peptide hor-
mones gives a great deal of advantage to the researcher,
especially for long peptide hormones such as glucagon,
because shortening the length of peptides requires less
synthetic time and effort and makes systematic struc-
ture-activity relationship studies more readily attained.
This approach has been successfully demonstrated in
our laboratory in the case of R-melanocyte stimulating
hormone.23-25 Although natural R-melanocyte stimulat-
ing hormone (R-MSH) consists of 13 amino acid resi-
dues, the sequence has been successfully trimmed down
to a heptapeptide without loss of biological activity since
residues at position of 1, 2, 3, 11, 12, and 13 are
relatively unimportant.

Therefore, in pursuit of truncated glucagon analogues
with minimal required sequence which can bind to its
receptor with significant binding affinity, a number of
truncated glucagon analogues have been designed and
synthesized.

Systematic Fragmentation of Glucagon into Un-
deca- and Dodecapeptide Amides. Aiming to find a
novel antagonist with low molecular weight, we hypoth-
esized that when glucagon binds to its receptor, the
whole molecule is not necessarily required. Conse-
quently, it was suggested that the essential binding
domain in glucagon might be as small as several amino
acids. On the basis of this hypothesis, a variety of
fragment peptides of glucagon that have 11 or 12 amino
acid residues were synthesized (1-4) (Table 2). These
peptides have the sequences of residues 1-11 (1), 5-16
(2), 10-20 (3), and 15-26 (4), respectively, and the
binding affinities of these peptides were obtained in
order to examine the minimum binding domains that
are required for recognition by the receptor. Unfortu-
nately, none of these peptides displayed any binding
affinity, probably due to the unnatural positive charges
developed at the N-terminus ammonium group of the
fragment peptides and the flexible nature of these linear
peptides which make receptor recognition extremely
difficult.

Truncated Glucagon Analogues Containing the
Middle Region. Since most of the previously reported
efforts to acquire a glucagon fragment with good binding
affinity for the glucagon receptor have been focused on
N-terminal fragments15 and C-terminal fragments16-18

(shown in Table 1), truncated glucagon analogues

Table 1. Biological Activities of the Truncated Glucagon
Analogues Reported Earlier

receptor
binding

adenylate
cyclase
activity

compound
IC50
(nM)

relative
binding

(%)
EC50
(nM)

relative
potency

(%) pA2 ref

glucagon 1.5 100 8 100 -
glucagon(1-6) <0.0001 <0.0001 - 15
glucagon(1-15) <0.0001 <0.0001 - 15
[Asn15]glucagon(1-17) ∼0.0001 ∼0.0001 - 15
glucagon(1-24) 0.0002 0.0002 - 15
[Glu9]glucagon(7-29)-NH2 0.33 - 0 - 19
[Glu9]glucagon(9-29)-NH2 0.04 - 0 - 19

Figure 2. Non-peptide glucagon antagonists reported earlier.
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containing the middle region of glucagon were synthe-
sized (5-15). From previous experience with the glu-
cagon fragments described above, the N-terminal amine
groups of the new peptides were acetylated in an
attempt to remove undesired electrostatic charges, and
also, conformational constraints were introduced in
order to reduce the flexibility of the peptides. Another
reason for designing these peptides containing the
middle region of glucagon is that non-peptidic antago-
nists of glucagon20-22 (Figure 2), though they do not
appear to interact with the same glucagon binding site,
have aromatic rings in common. Therefore, we synthe-
sized the truncated glucagon analogues that contain the
aromatic rings of Tyr10 and Tyr13 in order to investigate
the importance of aromatic rings for binding affinity.

Although analogues 6-11 (Table 2) demonstrated
some modest ability to displace radiolabeled glucagon
at high concentrations (100 µM), all of these peptides
displayed very weak or no binding affinity. On the other
hand, Ac-glucagon(6-14) amide (5) showed no receptor
binding at all, indicating that no nonspecific binding at
these extremely high concentrations of peptide took
place either. For analogues 10-13, an aspartic acid at
position 15 was added to the sequence with residues
6-14 with the expectation of increasing binding affinity,
since Asp15 was demonstrated to be an important
residue for binding affinity.26 However, this addition of
Asp15 did not enhance the binding affinity. On the other
hand, reduction of the length of the sequence to a
hexapeptide, analogues 14 and 15 (Table 2), resulted
in complete loss of binding affinity.

Conformational restrictions between residues 7 and
11 (7), 7 and 12 (9, 11), and 9 and 14 (13, 15) were
introduced via a disulfide bridge in order to force a turn
conformation (Table 2). Despite the weak binding af-
finities of these peptides, percent displacement of radio-
labeled glucagon at 100 µM could be obtained. Although

the analogues 6-15 bound to the glucagon receptor with
weak affinity, differences between the maximum dis-
placement of radiolabeled glucagon at 100 µM by linear
and cyclic analogues were observed. The linear analogue
(10) between cysteines at positions 7 and 12 showed
greater displacement (56%) of radioactive glucagon than
the cyclic analogue (11; 30%) did. On the other hand,
the cyclized analogue (7) between cysteines at positions
7 and 11 displaced glucagon better (62%) than the linear
analogue (6) (30%). These results can be interpreted to
suggest that the cyclic conformational restrictions (di-
sulfide bridge between positions 7 and 11) led to a
conformation that could be more easily recognized by
the receptor relative to their linear counterparts.

Truncated Glucagon Analogues Containing the
C-Terminal Region. As discussed above, the C-termi-
nal fragments have been reported earlier,16-18 but none
of them were found to bind to the receptor, although
the C-terminal region of glucagon is generally known
to be essential for maintaining significant binding
affinity for glucagon.14 Interestingly, the most dominant
enzymatic byproduct of glucagon, glucagon(19-29), also
referred to as miniglucagon, did not show any reason-
able binding affinity for the glucagon receptor.18

However, in this study, the sequences of truncated
glucagon analogues containing the C-terminal region
were elongated from the C-terminus gradually (16-18)
(Table 2). The smallest one, Ac-glucagon(17-29) amide
(16), has the sequence of miniglucagon plus Arg17-Arg18,
and the result of binding assays showed that the
elongation of the sequence of miniglucagon with only
two arginine residues was sufficient for the peptide to
be recognized by the receptor, though with poor binding
affinity (IC50 ) 2.3 µM). Encouraged by this result, two
more peptides containing residues between 10 and 29
(17) and 6 and 29 (18) were synthesized. Since these
peptides have longer middle-region sequences than

Table 2. Biological Activities of the Truncated Glucagon Analogues

receptor binding adenylate cyclase activity

compound
IC50
(nM)

relative
binding (%)

EC50
(nM)

maximum
stimulation (%) pA2

glucagon 1.5 100 5.9 100 -
1 glucagon(1-11) amide i.a.a 0 i.a. 0 -
2 glucagon(5-16) amide i.a. 0 i.a. 0 -
3 glucagon(10-20) amide i.a. 0 i.a. 0 -
4 glucagon(15-26) amide i.a. 0 i.a. 0 -
5 Ac-glucagon(6-14) amide i.a. 0 i.a. 0 -
6 Ac-[Cys7,11]glucagon(6-14) amide n.d.b 30c i.a. 0 -
7 Ac-c[Cys7,11]glucagon(6-14) amide n.d. 62c i.a. 0 -
8 Ac-[Cys7,12]glucagon(6-14) amide n.d. 24c i.a. 0 -
9 Ac-c[Cys7,12]glucagon(6-14) amide n.d. 24c i.a. 0 -

10 Ac-[Cys7,12]glucagon(6-15) amide n.d. 56c i.a. 0 -
11 Ac-c[Cys7,12]glucagon(6-15) amide n.d. 30c i.a. 0 -
12 Ac-[Cys9,14]glucagon(6-15) amide n.d. 32c i.a. 0 -
13 Ac-c[Cys9,14]glucagon(6-15) amide n.d. 43c i.a. 0 -
14 Ac-[Cys9,14]glucagon(9-14) amide i.a. 0 i.a. 0 -
15 Ac-c[Cys9,14]glucagon(9-14) amide i.a. 0 i.a. 0 -
16 Ac-glucagon(17-29) amide 2300 ( 900 0.065 i.a. 0 -
17 Ac-glucagon(10-29) amide 60 ( 3 2.5 i.a. 0 7.44
18 Ac-glucagon(6-29) amide 31 ( 9 4.8 i.a. 0 6.57
19 Ac-[Nal(2)10,13]glucagon(10-29) amide 800 ( 150 0.19 i.a. 0 6.87
20 phenylacetyl-glucagon(10-29) amide 249 ( 68 0.60 i.a. 0 7.37
21 phenylbutyryl-glucagon(10-29) amide 21.2 ( 9.9 7.1 i.a. 0 7.38
22 phenylhexanoyl-glucagon(10-29) amide 131 ( 64 1.1 i.a. 0 7.37
23 phenylbutyryl-[Nal(2)13]glucagon(10-29) amide 781 ( 163 0.19 i.a. 0 6.70
a i.a.: inactive up to 100 µM. b n.d.: not determined. c Maximum percent inhibition of radiolabeled glucagon at 100 µM analogue

concentration.

1374 Journal of Medicinal Chemistry, 2001, Vol. 44, No. 9 Ahn et al.



analogue 16, they showed better binding affinities (IC50
) 60 nM and 31 nM, respectively). The elongation of
seven residues from analogue 16 to 17 demonstrated a
greater improvement (38-fold) in the binding affinity
than the elongation of four residues from analogue 17
to 18 did (2-fold), suggesting that most of the binding
motif required for efficient recognition by the receptor
already is present in the sequence 17. The ability of
analogue 18 to act as a good competitive antagonist at
the glucagon receptor is given in Figure 3.

Since a hydrophobic patch, organized by residues of
Phe6, Tyr10,13, and Leu14 and which has been demon-
strated by X-ray crystallography27 and 2D-NMR spec-
troscopy,28 is important for substantial binding affin-
ity,29 the improved binding affinities of the analogues
17 and 18 seem to result from a fortified hydrophobic
patch in the middle region, and a more extended
hydrophobic patch of 18 resulted in better binding
affinity than 17 (Table 2). In accordance with this
finding, the tyrosines at position 10 and 13 were
replaced with 2-naphthylalanine derivatives for better
aromatic interactions in the hydrophobic patch, but this
modification disturbed its interaction with the receptor
(19, IC50 ) 800 nM), presumably as a result of the
removal of the phenolic functional group from tyrosine
at position 10, which is important for binding affinity,14

and the steric hindrance caused by the larger size of
the aromatic ring of a naphthyl group than the phenol
group of tyrosine.

In an attempt to improve the binding affinity of
analogue 17, several phenyl-substituted acyl groups
were added to the N-terminus to replace the missing
phenylalanine at position 6 which previously has been
found to be necessary to form the full hydrophobic patch
in the middle region of glucagon.29 Phenylacetyl (20),
phenylbutyryl (21), and phenylhexanoyl (22) groups
were used in order to place the phenyl group in different
three-dimensional spaces (Table 2). Of these three
peptides, phenylbutyryl-glucagon(10-29) amide (21)
revealed the best binding affinity (IC50 ) 21 nM, more
than 5-fold better binding affinity than 20 and 22),
indicating that a spacer of three methylene groups is
optimum for organizing the important hydrophobic
patch properly. With addition of the phenylbutyryl
group, analogue 21 interacted with the receptor with

higher affinity than the analogue 18, which was the
peptide that 21 was intended to mimic. Since analogue
21 does not have residues between positions 7-9, it can
be presumed that the polar amino acids between
residues 6-9 of the analogue 18 increased the flexibility
of the N-terminal region of the peptide and disturbed
the optimal aromatic interaction between the phenyl
ring of phenylbutyryl group and tyrosine side chains,
resulting in the slight loss of binding affinity.

In an effort to improve the binding affinity of 21,
2-naphthylalanine was substituted for tyrosine at posi-
tion 13 (23). Unlike 19, in which tyrosines at position
10 and 13 were replaced with 2-naphthylalanines, only
the tyrosine at position 13 was substituted with 2-naph-
thylalanine in order to retain a tyrosine at position 10
for receptor recognition. However, steric hindrance of
the naphthyl group, in this case as well, greatly reduced
(approximately 40-fold) the binding affinity of analogue
23.

From these results, a conclusion can be drawn that
there are at least two different binding domains located
separately in the glucagon sequence, and a reasonable
receptor interaction is only attained when these two
binding domains are present in glucagon analogues
(Figure 4). From these findings, we hypothesized that
reinforcement of the hydrophobic patches enhances
receptor recognition. Hence the main binding elements

Figure 3. Dose-response curves showing competition of
glucagon with 1, 5, and 10 µM of a glucagon antagonist (18),
Ac-glucagon(6-29) amide.

Figure 4. Schematic diagram of the binding of the glucagon
fragments that have only one binding element (A) and that
have two binding elements (B).
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would appear to be these hydrophobic patches interact-
ing with their counterparts on the receptor.

This hypothesis explains the reason why relatively
small, truncated glucagon analogues that only include
one binding domain do not bind to the receptor well
enough to be measured by competitive displacement of
radiolabeled glucagon. At this point, no complete picture
of binding can be given, but it is reasonable to suggest
that binding of glucagon to its receptor would be
cooperative. If it is not cooperative binding, then pep-
tides with only one of the binding domains should have
shown at least moderate receptor affinities. Therefore,
we suggest that the C-terminal binding domain initiates
the interaction with the receptor, presumably because
the secondary structure of the C-terminal region is
better defined, and then subsequently a change in
ligand and/or receptor structure helps identify a second
binding domain for glucagon to enhance further the
receptor interaction.

Glucagon, a long linear polypeptide, has two different
binding domains, composed of hydrophobic residues and
located in the middle and the C-terminal region, and
these two hydrophobic patches located apart from each
other are required to optimize the receptor recognition.
From the crystal structure of glucagon, these two
hydrophobic regions appear to be about 20 Å apart.
Thus, it can be readily seen why it has been so difficult
to obtain glucagon fragments of small molecular weight
that can bind to the glucagon receptor.

Potent Truncated Glucagon Antagonists. In terms
of adenylate cyclase activity, none of the peptides in this
study produced any signal transduction (Table 2). For
the analogues 1-15, it was apparently because of lack
of substantial binding affinity. On the other hand, all
the peptides with significant binding affinity, 16-23,
were shown to be antagonists, with varying pA2 values.
Since the truncated analogues containing the C-termi-
nal region (16-23) do not have the message region that
is responsible for triggering G protein to initiate the
signal cascade,15 it is not surprising to observe no
adenylate cyclase activity.

It is noteworthy that the pA2 values of the analogues
17-23 do not necessarily correspond to the binding
affinity. In general, it is usual to assume that the
compounds that bind better will demonstrate a higher
degree of antagonism. But in the case of these truncated
glucagon analogues, all of them exhibit similar antago-
nistic potency despite differences in binding affinity,
except analogue 18, which is lower than expected.

For the analogues 19 and 23 with 2-naphthylalanines,
the relatively lower pA2 values can be explained because
they did not interact with the receptor well, compared
to analogues 17, 20, 21, and 22. But, the 10-fold higher
antagonism of analogue 17 compared to 18, whose
binding affinity is twice that of 17, is quite surprising.
This discrepancy also was observed for the analogues
20-22. These phenyl-substituted acylated glucagon(10-
29) amides certainly exhibited different binding affini-
ties. In particular, analogue 21 binds 10-fold better than
analogue 20, while the pA2 values are the same for these
two analogues.

Final Remarks. For the first time, we have obtained
glucagon analogues with significantly lower molecular
weight and good binding affinity. These potent, trun-

cated glucagon antagonist analogues have been de-
signed and synthesized based on the idea of two binding
domains at the glucagon receptor. Apparently nature
has designed long peptide hormones, such as glucagon,
to interact with several different distinct sites on the
receptor. The minimum sequence necessary to attain
marginal binding affinity of truncated analogues re-
quires approximately two-thirds the length of the native
peptide. For the glucagon receptor, it was demonstrated
that there are two separated binding domains in the
glucagon sequence, one in the middle region and the
other in the C-terminal region, and the evidence sug-
gests that the driving force for receptor recognition is
related to specific hydrophobic interactions. Although
the best truncated antagonist, phenylbutyryl-glucagon-
(10-29) amide, is not as potent as [desHis1, desPhe6,
Glu9]glucagon amide, it can serve as a lead compound
to be further optimized for better binding affinity and
antagonism. Also, the truncation to two-thirds of the
glucagon sequence will help to perform more systematic
structure-activity relationship studies for obtaining
competitive glucagon antagonists.

Experimental Section
Materials. All peptides designed in this investigation were

prepared by solid-phase techniques either by manual synthesis
or using an Applied Biosystems ABI 431A automated peptide
synthesizer with NR-Fmoc/tert-butyl chemistry. NR-Fmoc pro-
tected amino acids and 4-(2′,4′-dimethoxyphenyl-Fmoc-amino-
methyl)-phenoxy resin were purchased from Advanced
Chemtech (Louisville, KY), Bachem (Torrance, CA), and
American Peptide Company (Sunnyvale, CA). Other chemicals
and solvents were purchased from the following sources:
trifluoroacetic acid (TFA; Halocarbon Products, NJ); N,N-
diisopropylethylamine (DIEA), anisole, 1,2-ethanedithiol, di-
methyl sulfide, piperidine, potassium ferricyanide, and acetic
anhydride (Aldrich, Milwaukee, WI); dichloromethane (DCM)
and N,N-dimethylforamide (DMF; Fischer Scientific, Pitts-
burgh, PA); 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluro-
nium hexafluorophosphate (HBTU) and 1-hydroxybenzotri-
azole (HOBt; Chem-Impex International, Wood Dale, IL);
HPLC-quality acetonitrile (J. T. Baker, Phillipsberg, NJ);
bovine serum albumin (BSA), chromatographic alumina (type
WN3, neutral), cAMP, ATP, GTP, and all enzymes (Sigma
Chemicals, St. Louis, MO); [125I]glucagon, [3H]cAMP, and
[R-32P]ATP (New England Nuclear, Boston, MA); Dowex AG
50-W4 cation-exchange resin and weakly basic anion-exchange
resin, IRA-68 (BioRad, San Diego, CA). All amino acids were
of the L-configuration unless otherwise stated. The purity of
the peptides was checked by thin-layer chromatography (TLC)
in three different solvent systems and analytical reverse-phase
high-pressure liquid chromatography (HPLC) using VYDAC
218 TBP-16 column (4.6 × 250 mm) at 214, 254, and 280 nm.
The structures of the purified peptides were characterized by
electrospray mass spectrometry (Finnigan LCQ ion trap mass
spectrometer) and by amino acid analysis (Applied Biosystems
model 420A amino acid analyzer). All of these data can be
found in the Supporting Information.

TLC was performed using Merck silica gel 60 F-254 plates
(0.25 mm layer thickness), and the following solvent systems
were used: (A) 1-butanol/acetic acid/pyridine/water (5:4:1:4);
(B) 1-butanol/acetic acid/pyridine/water (4:1:1:3); (C) ethyl
acetate/pyridine/acetic acid/water (12:4:4.2:2.2). The peptides
were detected on the TLC plates using iodine vapor. The
purification of the peptides was achieved using a Hewlett-
Packard 1100 series HPLC instrument or a Perkin-Elmer
Binary LC Pump 250 with a Perkin-Elmer LC 90 UV spec-
trophotometer detector for preparative high-pressure liquid
chromatography on C18-bonded silica columns (VYDAC, 10 ×
250 mm, 10 µm, 300 Å, semipreparative columns, cat. no.
218TP1010) unless otherwise stated. The peptides were eluted
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with a linear acetonitrile in 0.1% aqueous TFA gradient at a
flow rate of 5.0 mL/min. The separations were monitored at
280 nm with a Hewlett-Packard 1100 series fixed-wavelength
UV detector or Perkin-Elmer LC 90 UV detector and were
integrated with a Hewlett-Packard 3396 series III integrator.
The amino acid analysis was done using an Applied Biosys-
tems model 420A amino acid analyzer with automated hy-
drolysis (vapor phase at 160 °C for 100 min using 6 N HCl).

Peptide Synthesis. (a) General Protocol for Peptide
Synthesis with NR-Fmoc/tert-Butyl Chemistry. The glu-
cagon analogues used in this investigation were synthesized
manually or with Applied Biosystems ABI 431A automated
peptide synthesizer using Fmoc/tert-butyl chemistry. For the
manual synthesis, the Rink amide resin30 (4-(2′,4′-dimethoxy-
phenyl-Fmoc-aminomethyl)phenoxy resin, substitution 0.4-
0.7 mmol/g) was allowed to be swollen in DMF overnight. The
resin was washed with DMF (3 × 2 min), and the Fmoc
protecting group was deprotected with 25% piperidine in DMF
(1 × 5 min and 1 × 30 min). Then, the resin was washed with
DMF (3 × 2 min) and DCM (3 × 2 min), and the first NR-
Fmoc amino acid was coupled using preactivated NR-Fmoc
amino acid in DMF (3 equiv of NR-Fmoc amino acid, 3 equiv
of HBTU, and 3 equiv of HOBt in DMF solution was stirred
for 30-60 min) and 6 equiv of DIEA until the Kaiser ninhydrin
test31 and the 2,4,6-trinitrobenzenesulfonyl acid (TNBS) test32

became negative. If the tests were still positive 2 h after the
coupling reaction started, the resin was washed with DMF (3
× 2 min) and DCM (3 × 2 min), and the amino acid was
recoupled with preactivated NR-Fmoc amino acid in DMF
(prepared in the same manner) and 6 equiv of DIEA for
another 2 h. If double coupling did not result in a negative
Kaiser ninhydrin test and a negative TNBS test, the resin was
washed with DMF (3 × 2 min) and DCM (3 × 2 min), and the
unreacted amino group was capped with 10% acetic anhydride
in DMF for 30 min. When the coupling reaction was finished,
the resin was washed with DMF (3 × 2 min) and DCM (3 × 2
min), and the same procedure was repeated for the next amino
acid until all the amino acids in the sequence were coupled.
After the peptide was synthesized on the resin, the resin was
washed with DCM (3 × 2 min) and dried in vacuo.

A typical automated peptide synthesis was accomplished
using an ABI 431A automated peptide synthesizer with the
HOBt-HBTU-Fmoc synthesis protocol (ABI version no. 1.01B).
The Rink amide resin (0.25 mmol, substitution 0.4-0.7 mmol/
g) was placed in the reaction vessel while one cartridge (1.0
mmol) of the desired Fmoc amino acid was activated in situ
as the HOBt/HBTU-ester and subsequently coupled to the
resin for 20 min. The Fmoc protecting group on the R-amino
acid was removed with piperidine (20% in DMF, 1 × 3 min
and 1 × 6 min), and following deprotection the resin was
washed with DMF (4 × 1 min) to remove the piperidine. The
resin-bound peptide, which was now ready for coupling, was
left in the reaction vessel while the next amino acid in the
chain was prepared. The dry, Fmoc-protected amino acid (1.0
mmol/g) contained in the cartridge was dissolved in a solution
of DMF and HOBt (0.50 M)/HBTU (0.45 M). This solution was
transferred to the reaction vessel with DIEA. Four equivalents
of the activated amino acid (one per equivalent of the growing
peptide chain) were employed in the coupling reactions with
8 equiv of DIEA. The deprotection and coupling steps were
repeated with the addition of each subsequent amino acid until
the peptide synthesis was completed. The final amino acid was
deprotected with piperidine (20% in DMF, 1 × 3 min and 1 ×
6 min), and the resin was washed with DMF, followed by DCM.
The resin was dried thoroughly in vacuo. Although most of
the automated peptide syntheses followed the procedure
described above, some modifications (e.g. elongated deprotec-
tion and coupling reaction times, and capping of unreacted
amino groups with acetic anhydride) were employed for
improved peptide synthesis.

For NR-acetylation, the resin was placed in the manual
peptide synthesis vessel and the NR-Fmoc protection group was
removed by 25% piperidine in DMF (1 × 5 min and 1 × 30
min). The resin was washed with DMF (3 × 2 min) and DCM

(3 × 2 min) and treated with 10% acetic anhydride in DMF
for 30 min. The resin was washed with DMF (3 × 2 min) and
DCM (6 × 2 min) and dried in vacuo.

(b) General Procedure for Cleavage and Final Depro-
tection of Peptides. A cleavage mixture consisting of tri-
fluoroacetic acid (18.0 mL), dimethyl sulfide (0.5 mL), 1,2-
ethanedithiol (0.5 mL), and anisole (1.0 mL) was chilled on
ice. The resin bound peptide (0.25 mmol) was placed in a
disposable 50 mL polystyrene tube. The chilled cleavage
mixture was added to the tube, and the resultant solution was
bubbled with nitrogen for 2 min. The tube was capped and
covered with aluminum foil, and the reaction mixture was
stirred at room temperature for 2 h. The solution was filtered,
and the resin was washed with trifluoroacetic acid (5 mL) and
DCM (2 × 5 mL). The combined solution was concentrated
with a gentle flow of nitrogen to a volume of approximately 3
mL, and then the peptide was precipitated with cold diethyl
ether (40 mL). The peptide was centrifuged to remove the ether
and washed with another 40 mL of diethyl ether. The peptide
was centrifuged and dried in vacuo.

(c) General Procedure for the Purification of Pep-
tides. The crude peptide was dissolved in 50% aqueous acetic
acid, and insoluble materials were centrifuged out. The peptide
was purified with HPLC using a semipreparative VYDAC
reverse-phase (C18 or C4-bonded) HPLC column with gradient
elution at a flow rate of 5.0 mL/min. The gradients used for
the purification were 0-50% acetonitrile in 0.1% aqueous TFA
over 30 min, 10-90% over 40 min, 20-50% over 30 min, 20-
60% over 40 min, 25-55% over 30 min, and 35-55% over 20
min. Approximately 5 mg of the crude peptide was injected to
the column each time, and the fractions containing the purified
peptide were collected, followed by lyophilization. The extent
of purity for each peptide was monitored by analytical HPLC,
using an analytical VYDAC 218TPB-16 C18-bonded column (4.6
× 250 mm) at 214, 254, and 280 nm, flow rate 1.0 mL/min
with gradients such as 10-90% acetonitrile in 0.1% aqueous
TFA over 40 min, 20-60% over 20 min, and 0-50% over 25
min.

(d) General Procedure for Cyclization To Form a
Disulfide Bridge. The purified peptide was dissolved in 20-
25 mL of water, and acetonitrile was added to help dissolution.
In the meantime, the solution of potassium ferricyanide was
prepared by mixing 1 mmol of K3Fe(CN)6 in 100 mL of water,
20 mL of acetonitrile, and 20 mL of saturated ammonium
acetate and adjusting the pH to 8.5 with concentrated am-
monium hydroxide. Then, the solution of the peptide was
slowly added to the solution of potassium ferricyanide with a
syringe pump (infusion rate of 1 mL/h). After addition was
completed, the reaction mixture was acidified to pH 4 with
acetic acid. Then, weakly basic anion-exchange resin, IRA-68,
was used to remove ferricyanide anion. The anion-exchange
resin was filtered, and the volatiles were evaporated off to give
the cyclized peptide.

Biological Assays. (a) Isolation of Liver Plasma Mem-
branes. Liver plasma membranes were prepared from male
Sprague-Dawley rats weighing between 200 and 250 g.33,34

The isolated livers were homogenized with 1 mM sodium
bicarbonate solution containing 0.5 mM CaCl2 and filtered at
4 °C to remove all large organelles. Next, filtered liver
homogenate was centrifuged at 1500g to collect a clear pallet.
Rat liver plasma membranes were further purified by ultra-
centrifugation using 42.3%/69% (w/w) sucrose gradient at
100000g for 2 h. The final pellets were resuspended with 10
mL of 25 mM Tris buffer (pH 7.5 at 25 °C). The amount of
protein was determined by the Lowry method35 and a modified
procedure.36 Subsequently, 1-2 mg protein aliquots in 25 mM
Tris buffer (pH 7.5 at 25 °C) were stored in liquid nitrogen for
use within 1-3 months.

(b) Receptor Binding Assay. Glucagon and its analogues
were dissolved in 1 mM HCl to a concentration of 100 µM
(stored at -80 °C in the form of a lyophilized powder) and
further diluted by 25 mM Tris buffer (pH 7.5 at 25 °C) to the
desired concentration range just prior to the assay. The
binding assays were performed according to Wright and
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Rodbell37 in which competition for glucagon receptors between
[125I]glucagon and the glucagon analogue was measured.
Briefly, an incubation medium that had a volume of 500 µL
consisting of liver plasma membrane containing 50 µg of
protein, 150 000 CPM of [125I]glucagon, and unlabeled glucagon
or glucagon analogues at a desired concentration, all in 25 mM
Tris with 0.4% BSA (pH 7.5 at 25 °C), was used. The mixture
was incubated for 10 min at 30 °C, followed by immediate
cooling in an ice bath, and filtered through a 0.45 µm cellulose
acetate filter previously soaked for 12 h in a Tris-BSA buffer.
Four milliliters of ice-cold Tris-BSA buffer was used for
washing, and the amount of radioactivity remaining on the
filter was quantitated using a LKB1275 mini-γ counter.
Nonspecific binding, measured in the presence of excess
unlabeled peptide (1024 nM), was typically 15-20% of the total
binding and was subtracted in each case to give the specific
binding. Results were expressed as the percent inhibition of
[125I]glucagon specific binding. Assays were performed in
triplicate and repeated twice.

(c) Adenylate Cyclase Assay. Adenylate cyclase activity
was measured by the conversion of [R-32P]ATP to cyclic-3′,5′-
AMP as described by Lin.38 Labeled cAMP was determined
by the method of Salomon39 using sequential chromatography
on columns of Dowex cation-exchange resin and aluminum
oxide. Briefly, 0.1 mL of incubation medium consisting of 1
mM [R-32P]ATP (40-100 cpm/pmol ATP); 5 mM MgCl2; 10 mM
GTP; 1 mM EDTA; 1 mM cAMP containing 10 000 CPM of
[3H]cAMP; 25 mM Tris (pH 7.5); 0.4% BSA; 35 µg of membrane
protein; and an ATP regenerating system that contained 20
mM phosphocreatine and 0.72 mg/mL creatine phosphokinase
were used. Results are expressed as a potency (EC50), relative
to glucagon (defined as 100%) and in terms of the maximal
stimulation of adenylate cyclase by glucagon (defined as 100%).

For the pA2 values, a dose-response plot was obtained by
determining the response when the concentration of glucagon
was varied while the concentration of the antagonist was kept
the same. The plots were obtained by using different concen-
trations (range between 100 nM to 10 µM) of antagonists. The
dose-response curves exhibit shifts in the EC50 values that
were used in calculating the pA2 values as described by
Schild.40
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