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ABSTRACT: In this study, we determined the ability of four N-terminally modified derivatives of glucagon,
[3-Me-His!,Arg!?]-, [Phe!,Arg!?]-, [D-Ala*Arg!?]-, and [D-Phe*]glucagon, to compete with !25I-glucagon
for binding sites specific for glucagon in hepatic plasma membranes and to activate the hepatic adenylate
cyclase system, the second step involved in producing many of the physiological effects of glucagon. Relative
to the native hormone, [3-Me-His!,Arg!?]glucagon binds approximately twofold greater to hepatic plasma
membranes but is fivefold less potent in the adenylate cyclase assay. [Phe!,Arg!'?]glucagon binds threefold
weaker and is also approximately fivefold less potent in adenylate cyclase activity. In addition, both analogues
are partial agonists with respect to adenylate cyclase. These results support the critical role of the N-terminal
histidine residue in eliciting maximal transduction of the hormonal message. [D-Ala* Arg!?]glucagon and
[D-Phe*|glucagon, analogues designed to examine the possible importance of a 3-bend conformation in the
N-terminal region of glucagon for binding and biological activities, have binding potencies relative to glucagon
of 31% and 69%, respectively. [D-Ala* Arg!%}glucagon is a partial agonist in the adenylate cyclase assay
system having a fourfold reduction in potency, while the [D-Phe*] derivative is a full agonist essentially
equipotent with the native hormone. These results do not necessarily support the role of an N-terminal
B-bend in glucagon receptor recognition. With respect to in vivo glycogenolysis activities, all of the analogues
have previously been reported to be full agonists. The partial agonism of [3-Me-His!,Arg!?]-, [Phe!,Arg'?]-,
and [D-Ala* Arg'?]glucagon for adenylate cyclase activity in isolated liver plasma membranes observed in
this study is not modulated by changes in the guanosine triphosphate (GTP) concentration. In addition,
the receptor binding dose-response curve for [Phe!,Arg!?]glucagon is shifted to the right in the presence
of GTP to the same extent as that seen with the native hormone. Thus, the partial agonism demonstrated
by these three analogues in this study is not due to a lack of modulation by GTP of the receptor binding
and adenylate cyclase activities measured on liver plasma membranes. The in vivo degradation rates for
glucagon and [D-Phe*|glucagon, half-lives of 5.3 and 7.5 min, respectively, were determined in this study.
This slightly slower rate of degradation for [D-Phe*]glucagon is not sufficient to account for its highly potent
glycogenolytic activity seen in vivo. The lack of correlation between the in vitro adenylate cyclase and the

in vivo glucose release activities for these compounds is discussed.

’Ene hormone glucagon, a peptide of 29 amino acids, is best
known for its key role in maintaining glucose homeostasis in
animals. Secreted by the « cells of the pancreas, glucagon
exerts its major effects on hepatocytes by stimulating glucose
production and release during the hypoglycemic state. Aside
from its action at the liver, glucagon stimulates lipolysis in fat
cells (Harris et al., 1979; Witters et al., 1979) and has been
reported to exert effects on heart and kidney tissue (Glick et
al., 1968; Bailly et al., 1980). In addition, it has been suggested
that glucagon may be involved in the pathogenesis of diabetes
mellitus (Unger, 1978).

The main target of glucagon action is the liver, where it
simulates the processes of glycogenolysis and gluconeogenesis.
These events are considered to be mediated by a cAMP!-de-
pendent mechanism in which binding of the hormone to its
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membrane-bound receptor activates the enzyme adenylate
cyclase, initiating the production of cAMP. It is this increase
in the concentration of cAMP that results in the activation
of glycogenolytic and gluconeogenic enzymes and consequently
a rise in glucose output by the liver.

The precise nature of the interaction between glucagon and
its hepatic receptor, and the mechanism(s) by which this leads
to glycogenolysis and gluconeogenesis, remains unclear.
However, structure—activity studies employing glucagon
fragments and analogues have been utilized in an attempt to
determine those properties of the molecule that are important
for receptor recognition and binding and those that are nec-
essary for transduction of the biological response. From the
measurements of the binding and biological activities of nu-

! Abbreviations: cAMP, adenosine cyclic 3’,5-monophosphate; Tris,
tris(hydroxymethyl)aminomethane; BSA, bovine serum albumin; ATP,
adenosine 5'-triphosphate; GTP, guanosine 5’-triphosphate; EDTA, eth-
ylenediaminetetraacetic acid; PTC, phenylthiocarbamoyl; TNP, tri-
nitrophenyl; CAR, carbamoyl; DEAE, diethylaminoethyl; LHRH, lu-
teinizing hormone-releasing hormone; HPLC, high-performance liquid
chromatography. Other abbreviations are those recommended by 1U-
PAC-IUB.

© 1986 American Chemical Society



BINDING AND BIOACTIVITIES OF GLUCAGON ANALOGUES voL. 25, NO. 7, 1986 1651

merous compounds, it appears that essentially the entire
molecule is necessary for receptor recognition and activation
of the adenylate cyclase system. Nevertheless, the C-terminal
region of glucagon is primarily involved in binding to the
receptor while the N-terminal region is critical for transducing
the biological message (Hruby, 1982). For example, the
partial agonist activities of des-His!-glucagon and [N*-CAR-
His!]glucagon demonstrate the importance of histidine-1 to
the bioactivity of the native hormone (Lin et al., 1975;
Bregman et al., 1980). Also, while the glucagon fragment
glucagon(5-29) possesses considerable binding activity but
essentially lacks activity when assayed for adenylate cyclase,
receptor binding activity is almost completely lost when se-
quences of five or six amino acid residues are deleted from the
C-terminal region as in des(16-21)- and des(22-26)-glucagon
(Frandsen et al., 1981). This result suggests that the C-ter-
minal region of glucagon is critical for binding to the hepatic
glucagon receptor. In addition to these two conclusions, other
studies have indicated that the positive charge at position 12
(Lys) and the structural relationship between this side chain
and the N-terminal region also seem to be important for
transduction of the hormonal message. For example, in
analogues in which the positive charge of the Lys e-amino
group is neutralized, as in several N-acylated derivatives, the
result is partial agonist analogues possessing diminished
adenylate cyclase activity (Carrey & Epand, 1982). The weak
potency and partial agonist activity of [N*-CAR-His!]glucagon
is lowered even further when this analogue is also carbamo-
ylated at position 12, and the partial agonist des-His!-glucagon
is converted to an antagonist when the PTC moiety is intro-
duced at the Lys'? e-amino position (Bregman et al., 1980;
Bregman & Hruby, 1979). Indeed, the most potent antagonist
described to date, [N*-TNP-His!,HArg'?]glucagon, possesses
modifications at both positions 1 and 12, clearly demonstrating
the significance of the relationship between these two moieties
for transduction of the biological message:

In general, both receptor binding assays as well as biological
activity assays are critical to determining the structure—activity
relationships of glucagon. Several biological activity assays
for this hormone are available. It is possible to measure an
analogue’s ability to activate adenylate cyclase in liver plasma
membranes (Pohl et al., 1971), the second step involved in
producing many of the physiological effects of glucagon.
Alternatively, assays focusing on overall cellular events stim-
ulated by glucagon such as glucose production by the liver or
lipolysis by adipose tissue can be used.

Recently, in an effort to extend our understanding of the
structure—activity relationships of the peptide hormone glu-
cagon, a series of analogues with modifications in the N-ter-
minal hexapeptide region were synthesized and tested for their
effects on glucose levels in normal rats (Sueiras-Diaz et al.,
1984). On the basis of reduced potencies but full activities
of [3-Me-His!,Arg'?]- and [Phe!,Arg!?]glucagon relative to
glucagon, it was concluded that neither the histidine residue
nor its imidazole nitrogen atoms are essential for biological
activity. Rather, since [Phe!,Arg'?]glucagon is nearly a full
agonist, although less potent, in the in vivo glucose release
bioassay, these results and previous studies (Hruby, 1982)
suggest that the aromatic and steric properties of the position-1
residue may be critical to full agonist activity. Analogues
designed to test the hypothesis that a 3-bend occurs in the
N-terminal region, like that seen in luteinizing hormone-re-
leasing hormone (LHRH) and other glycine-containing pep-
tides (Monahan et al., 1973), were synthesized by replacing
the glycine residue at position 4 with D-amino acids (Sueir-

as-Diaz et al., 1984). [p-Ala“Arg'?]glucagon was found to
be fully active although somewhat less potent than the native
hormone in stimulating in vivo glucose release. Replacement
of glycine by p-phenylalanine resulted in an analogue that was
found to be highly potent, stimulating glucose release some
6.6 times that of glucagon.

These conclusions concerning structure—activity relationships
of glucagon are based on activities observed at the in vivo
physiological level. In an effort to more precisely define these
relationships, we have examined the binding properties and
adenylate cyclase activities of four analogues of glucagon
modified in the N-terminal region of the hormone: [3-Me-
His!,Arg'?]-, [Phe',Arg'?]-, [D-Ala% Arg'?]-, and [D-Phe*]-
glucagon. We have found that the pattern of biological ac-
tivities for these analogues as measured at the level of the rat
liver plasma membrane is quite different from that seen in the
whole animal. The results of these studies, along with their
implications for the structure~function relationships of glu-
cagon, are presented.

EXPERIMENTAL PROCEDURES

Materials

Crystalline porcine glucagon was purchased from Elanco
(lot 7PE64B). Sephadex G-25M gel filtration resin and
DEAE-Sephadex A-25 ion-exchange resin were obtained from
Pharmacia Fine Chemicals, and Dowex AG50W-X4 cation-
exchange resin was from Bio-Rad. Carrier-free Na!%I in 0.1
N NaOH and ACS scintillation fluid came from Amersham,
[PH]cAMP from New England Nuclear, and [a-3?P]ATP
from ICN. Cellulose acetate filters (1.0 um pore size) were
purchased from Millipore Corp. Sodium metabisulfite was
obtained from Mallinckrodt, and chloramine T, Tris-HCl
(reagent grade), bovine serum albumin (fraction V), barbital,
chromatographic alumina (type WN3, neutral), cAMP, ATP,
GTP, EDTA, phosphocreatine, and creatine phosphokinase
were from Sigma. Male Sprague-Dawley rats came from the
University of Arizona College of Medicine, Division of Animal
Resources. Wistar rats were obtained from Harlan Industries.
All rats were fed ad libitum until used.

Methods

Isolation of Liver Plasma Membranes. Partially purified
liver plasma membranes were prepared from male Sprague-
Dawley rats weighing between 200 and 250 g according to the
method of Neville (1968) with modifications as described by
Pohl et al. (1971). The final membrane pellet was resuspended
with 10 mL of 25 mM Tris-HCI buffer, pH 7.5 at 25 °C.
Aliquots containing approximately 1-2 mg of protein, as de-
termined by the Lowry method as modified for membrane
proteins (Markwell et al., 1978), were stored in liquid nitrogen
for use within 3 months.

Preparation of Radioiodinated Glucagon and [D-Phe?]-
glucagon. Glucagon and [D-Phe*]glucagon were radio-
jodinated with Na!®I in the presence of chloramine T by a
modification of the method of Hunter and Greenwood (1962)
as previously described for glucagon by Rodbell et al.
(1971a,b). All steps were performed at room temperature.
Carrier-free Na!?’[, 1.5 mCi in 0.1 N NaQOH, was added to
a small conical test tube containing 10 uL of a 10 M solution
of peptide (1 nmol). At zero time, 10 L of a chloramine T
solution (3.5 mg/mL in 0.6 M sodium phosphate buffer, pH
7.4) was added followed by immediate mixing. After 10 s,
the reaction was stopped by addition of 50 uL of a sodium
metabisulfide solution (2.4 mg/mL in phosphate buffer)
followed by dilution with 150 uL of 25 mM Tris-HC], pH 7.5
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Table I: Binding Affinities and Adenylate Cyclase Activities of N-Terminal Derivatives of Glucagon

receptor binding ICs, (nM)“

adenylate cyclase ECs,
(nM)? (95% confidence

% maximal
adenylate cyclase
activity relative to

peptide (95% confidence limits) limits) glucagon Hill number
glucagon 5.85° (5.11-6.65) 6.87° (5.89-8.06) 100 0.82
[3-Me-His', Arg'?]glucagon 2.75 (1.74-4.65) 30.6 (24.4-39.7) 85.3 0.98
[Phe’,Arg'?]glucagon 19.7 (14.8-27.2) 34,9 (20.7-61.4) 47.6 0.72
[D-Ala* Arg!'?]glucagon 18.8 (13.4-24.2) 28.7 (18.8-57.7) 81.1 0.77
[D-Phe*]glucagon 9.06 (6.65-14.2) 7.96 (5.50-11.6) 100 0.85

4 Determined from data in Figure 1. ®Determined from data in Figure 2.

¢Determined from six separate assays.

at 25 °C, containing 1% BSA.

Labeled glucagon and [D-Phe*]glucagon were purified by
the procedure of Thorell and Johansson (1971). Briefly, the
reaction mixture was immediately transferred to a Sephadex
G-25 (medium) column and eluted with 0.075 M sodium
barbital buffer, pH 8.6. The first peak of radioactivity was
collected, aliquoted, and stored at —20 °C for use within 10
days.

Synthesis, Purification, and Storage of Peptides. Glucagon
was purified on DEAE-Sephadex A-25 to remove deamido-
glucagon following the procedure described by Bromer et al.
(1972). [3-Me-His!,Arg'?]glucagon, [Phe!,Arg'?]glucagon,
[D-Ala%,Arg!?)glucagon, and [D-Phe*]glucagon were syn-
thesized and purified as previously described (Sueiras-Diaz
et al., 1984). Purified glucagon and glucagon analogues were
initially dissolved in 2 mM sodium carbonate to a concentration
of 10™* M determined by using the 278-nm molar absorptivity
of 8310 M~! cm™ (Gratzer et al., 1968). Dilutions were made
with 25 mM Tris-HCI, pH 7.5 at 25 °C, containing 1% BSA,
to concentrations desired for adenylate cyclase and receptor
binding assays. Aliquots of the diluted solutions were then
lyophilized and stored at -20 °C.

Receptor Binding Assay. The binding of glucagon and
glucagon analogues to liver plasma membranes was assayed
by a method similar to that of Lin et al. (1975). The incu-
bation medium had a final volume of 500 uL consisting of liver
plasma membrane containing 50 ug of protein, 150 000 cpm
of %I-glucagon, and unlabeled glucagon or glucagon analogues
at concentrations ranging from 0 to 10 uM, all in 25 mM
Tris-HC], pH 7.5 at 25 °C, containing 1% BSA. When testing
the effect of GTP on the binding of partial agonist analogues,
the medium also contained GTP at a concentration of 100 uM.
The mixture was incubated for 10 min at 30 °C followed by
immediate cooling in an ice bath and then filtered through
1.0-um cellulose acetate filters previously soaked for 12 h in
the Tris—BSA buffer. Filters were washed 4 times with 1 mL
of ice-cold 25 mM Tris-HCI, pH 7.5 at 25 °C, transferred to
test tubes, and counted on an LKB 1275 Minigamma counter.
Nonspecific binding, measured in the presence of excess un-
labeled peptide (1024 nM), was typically 15%-20% of the total
binding and was subtracted from the total to give specific
binding. Results are expressed as the percent inhibition of
125]-glucagon specific binding. Triplicate determinations were
made in all binding experiments, and each experiment was
carried out at least twice.

Adenylate Cyclase Assay. Adenylate cyclase activity was
determined by the procedure of Lin et al. (1975) with the
standard incubation medium containing the following in a final
volume of 0.1 mL: 1 mM [a-3?P]ATP (about 50 cpm/pmol);
5 mM MgCl,; 1 mM cAMP plus 10000 cpm [*H]cAMP; 10
uM GTP; 25 mM Tris-HCI, pH 7.5 at 25 °C; 1% BSA; 1 mM
EDTA; 35 ug of liver plasma membrane protein; and an ATP
regenerating system consisting of 20 mM phosphocreatine and
0.72 mg/mL (100 units/mL) creatine phosphokinase. For

experiments testing the modulation by GTP of partial agonist
analogues, the incubation medium was the same except for
the concentration of GTP, which ranged from 0 to 100 uM.
Labeled cAMP was determined by the method of Salomon
et al. (1976) using Dowex 50 and alumina chromatography.
Results are expressed as the percentage of stimulation of
cAMP production above basal. Triplicate determinations of
each point were obtained at each peptide concentration, and
all experiments were carried out at least twice.

Degradation of Glucagon and [D-Phe*|glucagon in Vivo.
The methodology used in these experiments was adapted from
a similar procedure described by Jaspan et al. (1981). Fol-
lowing administration of sodium pentobarbital anesthesia (65
mg/kg, ip), two catheters were inserted, one being placed into
the femoral artery and another into the femoral vein of a male
Wistar rat. At zero time, radioiodinated peptide was injected
as a bolus into the femoral vein, and blood samples were taken
from the femoral artery at 1, 2, 3, 4, 5, 7.5, 10, 12.5, 15, and
30 min. The plasma was separated within 10 min, and ra-
dioiodinated peptide was extracted from the plasma according
to the method of Walter et al. (1974) by treatment with
acetone. The extracts were then lyophilized and analyzed by
HPLC. From the amount of intact peptide remaining at each
time point, the half-lives of glucagon and [D-Phe*]glucagon
were calculated.

Data Analysis. Adenylate cyclase dose-response and liver
plasma membrane receptor binding curves for glucagon and
glucagon analogues were constructed by using the methods
described by Bowman and Rand (1980) for the statistical
analysis of the relationship between dose and response.
Treatment of the data considers that the response to hormone
is directly proportional to the logarithm of its concentration
when between 20% and 80% of the maximal response. The
regression lines of the linear region of the dose-response curves
of glucagon and all analogues were calculated with the data
from replicate experiments (two to six assays per peptide with
triplicate determinations for each point). From these, the
concentrations required for half-maximal response and their
95% confidence limits were calculated. In cases where the
regression lines for an analogue and that for glucagon were
shown to be parallel, a test for coincidence by using Student’s
t test was also performed.

RESULTS

Receptor Binding Studies of Glucagon and Glucagon
Analogues. Glucagon has been shown to bind with high af-
finity to specific sites on isolated liver plasma membranes as
determined by its ability to compete with the binding of
125T-glucagon (Rodbell et al., 1971a). The binding curves for
the compounds tested are shown in Figure 1, and the con-
centrations of peptide required for half-maximal displacement
of 1°I-glucagon bound to the membrane (the 1Cs, values) are
given in Table 1.  For glucagon, half-maximal displacement
occurred at 5.85 nM, which is in good agreement with the
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FIGURE 1: Percent inhibition of %I-glucagon binding to rat liver
plasma membranes by (@) glucagon, (a) [3-Me-His!,Arg!?]glucagon,
(O) [Phe!,Arg!?]glucagon, (M) [D-Ala*,Arg!?]glucagon, and (A) [D-
Phe*}glucagon. Plasma membranes, radiolabeled glucagon, and
unlabeled glucagon or analogues at concentrations ranging from 0
to 10 uM were incubated for 10 min at 30 °C as detailed under
Methods. The values in the figure are corrected for nonspecific binding
measured in the presence of excess unlabeled peptide, and the curves
are constructed as described under Data Analysis.

reported by other laboratories (Lin et al., 1975; England et
al., 1982). Two of the glucagon derivatives tested had ICjs,
values similar to that of the native hormone. The affinity of
[3-Me-His',Arg'?Jglucagon for glucagon receptors in the liver
was found to be somewhat greater than that of the native
hormone with an ICs, value of 2.75 nM, whereas [D-Phe?]-
glucagon binding was slightly weaker having an ICs; value of
9.06 nM. In contrast, the other two analogues,
[Phe',Arg!?]glucagon and [D-Ala*,Arg!?]glucagon, bound
more weakly with half-maximal binding occurring near 20 nM.
When each of the curves was tested for coincidence with
glucagon, all were found to have regression lines significantly
different from that of glucagon at the 95% confidence level
except [D-Phe*]glucagon. Analysis of the data for this com-
pound showed that its binding curve and ICjs, value are not
significantly different from that of glucagon. The Hill coef-
ficients calculated from the binding data are listed in Table
L

The effects of GTP on the receptor binding activities of
glucagon and [Phe!, Arg!?]glucagon, a partial agonist in the
adenylate cyclase assay (see below), were also examined
(Figure 2). In the presence of 100 uM GTP, the receptor
binding dose—response curve for glucagon was shifted to the
right 1.6-fold. This value was similar to that seen for
[Phe!,Arg'?]glucagon in which its dose-response curve was
shifted approximately 2.5-fold when GTP is present. These
values agree well with that previously reported for glucagon
by Rodbell et al. (1971b).

Activation of Adenylate Cyclase by Glucagon and Glucagon
Analogues. The dose~response curves for the activation of
rat liver adenylate cyclase by glucagon and analogues are
shown in Figure 3. The concentrations of peptide required
for half-maximal activity of the various analogues relative to
glucagon are listed in Table I. [D-Phe*]glucagon had a
half-maximal activation value of 7.96 nM, which is close to
that determined for native glucagon (6.78 nM), and was the
only analogue found to be a full agonist. Although [3-Me-
His',Arg!?]glucagon and [D-Ala* Arg!?]glucagon were able
to stimulate the system to greater than 80% that of glucagon,
their ECs, values were more than 4 times larger, being 30.6
and 28.7 nM, respectively. In contrast, [Phe!,Arg!?]glucagon
was clearly a partial agonist. At concentrations at 1 and 10
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FIGURE 2: Effect of GTP on the percent inhibition of '2*I-glucagon
binding to rat liver plasma membranes by glucagon and
[Phe!,Arg!?}glucagon. Incubations were carried out as described under
Figure 1, except for the addition of 100 uM GTP where indicated.
The values in the figure are corrected for nonspecific binding for each
set of conditions, and the curves are constructed as described under
Data Analysis. (@) Glucagon; (¥) glucagon + 100 uM GTP; (O)
[Phe!,Arg'?]glucagon; (¥) [Phe!,Arg'?]glucagon + 100 uM GTP.
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FIGURE 3: Stimulation of cAMP production resulting from activation
of rat liver plasma membrane adenylate cyclase by (@) glucagon, (a)
[3-Me-His!,Arg!?)gtucagon, (©) [Phe',Arg!?]glucagon, (m) [p-
Ala* Arg'?] glucagon, and (A) [p-Phe?]glucagon. Plasma membranes
were incubated for 10 min at 30 °C with 1 mM [a-3?P]ATP, § mM
MgCl,, | mM [*H]cAMP, 10 uM GTP, | mM EDTA, and glucagon
or glucagon analogues at concentrations ranging from O to 5 uM as
detailed under Methods. The data points in the figure represent the
percentage of cAMP accumulation over basal relative to that produced
by 1 uM glucagon which stimulates 3-5 times over basal activity.
The curves are constructed as described under Data Analysis.

uM, where glucagon is maximally stimulating, this derivative
gave only 47.6% of the maximal activity of the native hormone
and had an ECs, concentration of 34.9 nM. When tested for
coincidence, the curves for glucagon and [D-Phe*]glucagon
were shown to be statistically identical.

The effect of GTP on the adenylate cyclase activity of the
three partial agonist analogues, [3-Me-His!,Arg!?]-,
[Phe',Arg'?]-, and [D-Ala* Arg'?]glucagon, is shown in Figure
4, At GTP concentrations below 10 uM, stimulation of
adenylate cyclase activity by the analogues is reduced relative
to glucagon. At GTP levels between 10 and 100 uM, stimu-
lation by the analogues is maximal, but the analogues still are
unable to stimulate cAMP production to the same extent as
the native hormone.

In Vivo Degradation of Glucagon and [D-Phe*|glucagon.
The degradation of glucagon and [D-Phe*]glucagon was de-
termined in whole animals by measuring the disappearance
of the respective intact radiolabeled peptide in plasma over
a period of 30 min (Figure 5). From the plot of the logarithm
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FIGURE 4: Effect of GTP on the stimulation of cAMP production
resulting from the activation of rat liver plasma membrane adenylate
cyclase by [3-Me-His! Arg'?]-, [Phe!,Arg'?]-, and [D-Ala* Arg'?]-
glucagon. Plasma membranes were incubated for 10 min at 30 °C
with 1 mM [e-3?P]ATP, S mM MgCl,, 1 mM [*H]cAMP, | mM
EDTA, 1024 nM glucagon analogues, and GTP at concentrations
ranging from 0 to 100 M. Values in the figure indicate the percentage
of cCAMP accumulation over basal relative to that produced by 1 uM
glucagon at the same GTP concentration.
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Time {minutes)

FIGURE 5: In vivo degradation of glucagon and [D-Phe*]glucagon in
rat plasma. Radiolabeled glucagon or [D-Phe?]glucagon was injected
into the femoral vein of an anesthesized rat, and blood samples were
taken from the femoral artery at times indicated. Intact peptide was
extracted from the plasma as described under Methods. From the
amount of intact peptide remaining at each time point, the half-lives
of glucagon and [D-Phe*]glucagon were calculated to be 5.3 and 7.5
min, respectively. (@) Glucagon; (A) [D-Phe*]glucagon.

of the intact peptide in plasma vs. time, the half-lives for
glucagon and [D-Phe*jglucagon were determined to be 5.3 and
7.5 min, respectively.

DiscussioN

The results obtained in these experiments are useful in
clarifying the conclusions drawn from structure-activity studies
based on the in vivo glucose release assay previously reported
(Sueiras-Diaz et al., 1984). Specifically, two major conclusions
based on in vivo results need to be modified in light of the in
vitro data of this study. The first concerns the critical role
of glucagon’s N-terminal histidine residue in the transduction
of biological activity. This notion was first suggested when
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Table II: Relative Binding, Adenylate Cyclase, and Glycogenolytic
Potencies at N-Terminal Derivatives of Glucagon

relative relative
relative adenylate  glycogeno-
binding cyclase lytic
potency potency potency
peptide (%)* (%) (%)
glucagon 100 100 100
[3-Me-His!,Arg'?]glucagon 213 22 30
[Phe',Arg!?]glucagon 30 20 31
[D-Ala*,Arg'?]glucagon 31 24 44
[D-Phe*]glucagon 69 86 655

°Relative binding potency = [(receptor binding ECs, for gluca-
gon)/(receptor binding ECs, for glucagon analogue)] X 100. ®Relative
adenylate cyclase potency = [(adenylate cyclase ECs, for glucagon)/
(adenylate cyclase ECsy for glucagon analogue)] X 100. <Gly-
cogenolytic activity measured in vivo from Sueiras-Diaz et al. (1984).

removal of this amino acid resulted in an analogue that could
only activate the adenylate cyclase system to 60% of its
maximal activity (Lin et al., 1975). Results presented in this
study provide additional support for this premise. Although
replacement of histidine by phenylalanine in [Arg'?]glucagon
results in an analogue that still contains the structural features
necessary for binding to liver plasma membranes and nearly
full stimulation of glucose release, the adenylate cyclase results
clearly show that this analogue is a partial agonist, capable
of stimulating the adenylate cyclase system to less than 50%
of the maximal response. Thus, while the [Phe! Arg!?}-
glucagon analogue is only slightly less potent than glucagon
in receptor binding, adenylate cyclase, and glucose release
assays (Table II), the information required for full biological
activation of the adenylate cyclase system has been lost.

Methylation of the imidazole nitrogen of histidine yields a
somewhat similar result. This modification results in a partial
agonist that is able to stimulate the adenylate cyclase system
to only 85% of the maximal activity. Despite this analogue’s
minimal reduction in potencies for the adenylate cyclase and
glycogenolytic responses and its enhanced receptor binding,
the properties necessary for maximal transduction of the full
adenylate cyclase biological response again appear to be
lacking in this derivative.

GTP is an important modulator of both glucagon receptor
binding and stimulation of adenylate cyclase (Rodbell et al.,
1971b; Lin et al., 1977; Rodbell, 1980). In an effort to explain
the differences between the partial agonist activity seen in vitro
and the full agonist activity seen in vivo for [3-Me-His!, Arg'?]-,
[Phe!,Arg!?]-, and [D-Ala% Arg'?]glucagon, these analogues
were assayed for adenylate cyclase activity at various con-
centrations of GTP ranging from 1 to 100 uM. As expected,
stimulation dropped when the GTP concentration was less than
10 uM. On the other hand, no change in the maximal stim-
ulation by these analogues was observed despite increasing the
concentration of GTP from 10 to 100 uM. All three still
exhibit partial agonism. In addition, the GTP-induced shift
in the dose-response curve for [Phe!,Arg!*jglucagon was
similar to that seen for glucagon itself. Hence, the partial
agonist activities observed for these analogues in this in vitro
study, in contrast to their full agonist activity observed in vivo,
are not due to a lack of modulation by GTP.

Without considering these measurements of binding and
adenylate cyclase activities, the glycogenolytic activities of the
histidine-modified peptides suggested that neither the histidine
residue nor its imidazole nitrogen atoms are critical for glu-
cagon agonist activity. Rather our results suggest that the
imidazole ring is necessary for full agonist efficacy, but it
appears that aromaticity at this position will still allow partial
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transduction of the hormonal message, since derivatization or
replacement of the N-terminal histidine residue resulted in
analogues that retain partial agonist activity. Although
possible, it is quite unlikely that substitution of arginine for
lysine at position 12 is responsible for the partial agonist
adenylate cyclase activity seen in these analogues. [Arg!?]-
glucagon conserves the positive charge in the side chain at this
position, which appears to be necessary for maximal stimu-
lation of the adenylate cyclase system (Hruby, 1982). Indeed,
the analogues [HArg!?]glucagon and [N¢-acetamido-Lys!?]-
glucagon, which both conserve charge at position 12, can also
maximally activate the adenylate cyclase system of liver plasma
membranes (Bregman et al., 1980; Wright & Rodbell, 1980).

Another conclusion, which is based on results obtained from
the glycogenolytic assay, concerned the putative role of a
B-bend at position 4 in glucagon and its importance as a
conformational requirement for biological activity. It has been
suggested that a 8-bend may be an active conformation in
several glycine-containing peptides such as LHRH (Monahan
et al., 1973; Freidinger et al., 1980) and secretin (Konig et
al., 1977). For example, substitution of glycine with D-alanine
or D-phenylalanine in LHRH that might favor a 8-bend
conformation results in analogues with considerable enhanced
activity (Monahan et al., 1973; Coy et al,, 1976). Given that
glucagon is a glycine-containing peptide, the possibility that
a 8-bend is also an important conformational feature of the
N-terminal region of this hormone was investigated by ex-
amining analogues with substitutions of D-amino acids for their
binding and biological activities. Results obtained in these
experiments do not necessarily support that this conformation
is important to the activity of glucagon. In the case of [D-
Ala*Arg!?]glucagon, this analogue demonstrated both reduced
binding and adenylate cyclase potencies relative to the native
hormone in agreement with its reduced potency in its glyco-
genolytic activity. More importantly, this analogue is a partial
agonist with respect to adenylate cyclase activity, suggesting
that this putative conformation may somehow inhibit ex-
pression of the full biological message in some cases.

In the case of [D-Phe*]glucagon, the results are markedly
different. Although this analogue has a slightly lower binding
potency than the native hormone, its adenylate cyclase potency
is not statistically different from that for glucagon, and in
addition, [D-Phe*]glucagon is clearly a full agonist. It is ev-
ident that the binding and adenylate cyclase activities for this
analogue do not predict the high in vivo potency manifested
by this compound at the level of hepatic glucose release, nor
do they necessarily provide support for the role of the 8-bend
in glucagon receptor recognition. Furthermore, the similar
half-lives of glucagon (5.3 min) and [D-Phe*]glucagon (7.5
min) indicate that the two peptides are equally susceptible to
in vivo degradation and that replacement of glycine at position
4 of glucagon with D-phenylalanine does not confer added
stability. Our results are consistent with similar studies that
have been made on the metabolism of [D-Phe*]glucagon in
canine hepatocytes by Hagopian and Tager (personal com-
munication).

The Hill coefficients for glucagon and analogues calculated
from the binding data are listed in Table I. The Hill number
observed for glucagon in this study is slightly less than 1,
suggesting that the native peptide binds differently to liver
plasma membranes than the iodinated compound. This con-
clusion is reasonable given that the 1?I-glucagon used is not
homogeneous but rather a mixture of mono- and multi-
iodinated species, though it has been shown by Hagopian and
Tager (1984) that all have the same binding patterns with only

different potencies. The Hill numbers for the N-terminally
modified derivatives were all found to be similar to that for
glucagon, suggesting that these compounds bind in a fashion
analogous to that of the native peptide. Since all the values
are statistically the same, this suggests that the partial agonism
of [3-Me-His!,Arg'?]glucagon, [Phe',Arg'?]glucagon, and
[D-Ala* Arg!?]glucagon is not due to an alteration in their
binding mode but rather is a result of modification of glucagon
properties critical for message transduction.

In general, many of the conclusions drawn from struc-
ture-function studies utilizing physiological assay systems are
supported by results obtained the adenylate cyclase bioassay.
This is particularly true for studies involving full agonists of
glucagon. Although minor discrepancies may occur (i.e.,
slightly greater glycogenolytic or lipolytic actvity of an ana-
logue than expected from its corresponding adenylate cyclase
activity), the qualitative relationships are basically the same
(Hruby, 1982; Hruby et al., 1985).

This has not been the case for partial agonists and antag-
onists of glucagon. In particular, partial agonist activity at
the level of adenylate cyclase is clearly not manifested when
assaying for overall cellular events. For example, when des-
His!-glucagon is tested for glycogenolytic activity, its partial
agonism is not seen and its glucose mobilizing activity is greater
than what is expected from its adenylate cyclase activity
(Hruby et al.,, 1981). On the other hand, [N*-CAR-His']-
glucagon demonstrates partial agonist activity with respect to
adenylate cyclase but is devoid of any lipolytic and glycoge-
nolytic activities in vivo (Grande et al., 1972). In addition,
antagonists of glucagon such as des-His!, [N¢-PTC-Lys'?]-
glucagon and [N®-TNP-His' HArg!?]glucagon, which bind to
liver plasma membrane receptors, are inactive in the adenylate
cyclase bioassay system, and can antagonize the stimulation
of adenylate cyclase by glucagon (Bregman et al., 1980), were
found to be weak but full agonists when tested for glycoge-
nolytic activity in the perfused rat liver (Khan et al., 1980)
and isolated hepatocyte systems (Corvera et al., 1984). Itis
possible that the apparent contradictions described above may
be explained by a differential interaction of these analogues
with the proposed high- and low-affinity receptor sites for
glucagon (Musso et al., 1984). It has also been suggested that
under some conditions glucagon may mediate its activity by
a CAMP-independent mechanism (Exton et al., 1971; Okajima
& Ui, 1976; Birnbaum & Fain, 1977; Fain & Shephard, 1977;
Cote & Epand, 1979; Khan et al., 1980; Corvera et al., 1984).

It is clear from the results reported here and the studies
described above that comprehensive structure—activity analysis
requires assessment of hormone activity at various stages from
the receptor binding event to the overall cellular response.
Studies are in progress in our laboratories to further assess
these relationships.

ADDED IN PROOF

Recent experiments in our laboratories (D. G. Johnson,
unpublished results) have shown that [D-Phe*]glucagon, ad-
ministered in vivo to Wistar rats, is equipotent with glucagon
in its ability to elevate blood glucose levels.
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