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ABSTRACT 

We have synthesized ten glucagon analogues that are either conformationally 

constrained systematically in the middle portion of the molecule, or modified from the 

known superagonist analogue [Lys17,18, Glu21]glucagon to study the structure-activity 

relationships of glucagon. The analogues were prepared using the solid-phase peptide 

synthesis method. Cyclizations were accomplished by forming the side chain lactam (amide) 

bridges on the resin. All peptide analogues were cleaved from the solid support, deprotected 

by the low-high HF procedure, and purified by a combination of gel flltration 

chromatography and dialysis followed by reverse-phase high performance liquid 

chromatography. A new characterization method for cyclic glucagon analogues using fast 

atom bombardment mass spectrometry with endoproteinase Asp-N peptide mapping has 

been developed that has provided unequivocal confirmation of the presence and site of the 

rings as well as the amino acid compositions. Receptor binding and adenylate cyclase 

activity assays and circular dichroism spectroscopy have been used to reveal the role of the 

structure and conformation of the middle portion of the molecule. The effects of the 

modification of the 17, 18 and 21 positions on the superagonist activity have also been 

examined. Several key features of the peptide backbone conformation responsible for 

binding and transduction have been further studied by theoretical calculations and 

computer modeling (energy minimization) using the Sybyl program. 



Chapter 1 

INTRODUCTION 

Glucagon: structure, source, and biology 
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In late 1920's. it was found by many researchers that injections of pancreatic 

extracts into diabetic animals produced a transient hyperglycemia before the hypoglycemic 

effects were observed. A physiologically relevant hyperglycemic factor besides insulin was 

discovered in the extracts, now called glucagon (Collin and Mulin, 1929). The primary 

sequence of glucagon was established by Bromer et ai. in 1957. 

Glucagon is a peptide hormone consisting of 29 amino acids. It is secreted by the (X

cells of the pancreas and oxyntic mucosa of the stomach (Lefebvre and Luyckx, 1977; 

Munoz-Barragan, et ai., 1977). It bears remarkable structural similarity to secretin, gastric 

inhibitory peptide (GIP), and vasoactive intestinal peptide (VIP) (Figure 1.1). The amino 

acid sequences ofglucagons from a number of mammalian species (bovine, ovine, rabbit, and 

rat) and human are identical. On the other hand, the sequence of glucagons from turkey 

and chicken differs from that of the mammalian glucagons by the replacement of the 

asparagine at position 28 with serine. Duck glucagon differs from human glucagon by two 

residues: the asparagine at position 28 is again substituted by serine and the serine at 

position 16 by threonine (Figure 1.2). Such a high degree of the structural conservation 

among glucagons from different species strongly suggests that the structural integrity of 

nearly the entire molecule is essential and responsible for its biological activity (Hadley, 

1988). 
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Figure 1.2 Primary structure of mammalian glucagon and related structures of cascade 
avian glucagon 

Studies on the biosynthesis of pancreatic glucagon indicate that glucagon is derived 

from a large precursor (proglucagon) which undergoes a number of post-translational 

modifications for conversion to glucagon and is then stored in the granules. At this stage, 

glucagon often has a crystalline structure with a trimer form. Under proper stimulation, it 

is released through exocytosis. %e secretion of glucagon is regulated by nerves, endocrine, 

and metabolic and pharmacologic factors. Several hormones contribute to the regulation of 

glucagon secretion. For example, insulin (Warne, et al., 1972), somatostatin (Barden, et al., 

1977), serotonin, and glucagon itself (Dunbar, et al., 1976) have an inhibitory effect. Other 

hormones and pharmacologic agents have stimulatory effects. Among them are the 

vasoactive intestinal peptide, the gastric inhibitory peptide, growth hormones, 

catecholamines, histamine, prostaglandin E2, neurotensin and xenopsin, dopa, diesterase 

inhibitors, diazoxide, the sulfonylureas, scorpion toxin, guanidine, ergocriptine, aspirin and 

cyclic AMP (Johnson and Ensinck,1976; Leblanc, et al., 1977; Nagai and Frohman, 1976; 

Raptis, et al., 1977; Taminato, et al., 1977; Wollheim, et al., 1976). 

%e circulating levels of pancreatic glucagon vary significantly in the animal world, 

in particular among mammals, birds, and lizards, possibly reflecting their different 

nutritional habits and metabolic requirements. In humans, the average fasting plasma 

glucagon level is 50-85 pg/ml (Lefebvre, 1972). 
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After released into the portal vein, pancreatic glucagon is first carried to the liver 

where it binds to a specific receptor. This interaction activates adenylate cyclase by 

separation of its regulatory from its catalytic moiety and, hence, produces cAMP from ATP. 

The activation of adenylate cyclase by the binding of a hormone to its specific receptor is 

mediated by Ga, the stimulatory G protein (Gilman, 1987). The G proteins interconvert 

between the inactive GDP form and the active GTP form. The exchange of GTP for bond 

GDP is catalyzed by the hormone-receptor complex. Ga-GTP activates the effector protein as 

in Figure 1.3. cAMP, acting as an endocellular secondary messenger, plays a role as an 

allosteric effector. It combines with the regulatory moiety of protein kinases and activates 

them by liberating the catalytic subunits. This leads to activating other kinases and still 

other enzymes by phosphorylation of nuclear and ribosomal proteins (enzymes). 

Glucagon stimulates the hepatic glucose release through a glycogenolytic action or 

through gluconeogenesis (Figure 1.4). In the hepatocyte, a cascade of protein 

phosphorylation eventually results in the release of individual glucose units from a glycogen 

polymer by stimulating the phosphorylation of glycogen phosphorylase and synthetase, 

activating the former, inactivating the latter, causing a net glycogen breakdown (Figure 

1.5). The abundance of glucose is further increased by the glucagon-induced stimulation of 

glucose 6-phosphatase. Finally, glucagon stimulates the adipocyte lipase and hepatic acyl

carnitine transferase, decreases the concentration of malonyl CoA, a suppressor of fatty acid 

oxination (MacFerran and Mailman, 1977), and increases the availability of fatty acids and 

their conversion to ketones (McGarry, et al., 1977). Predictably, the results of this cascade of 

the enzyme activity increase serum glucose, fatty acids, and ketone bodies, decrease the 

levels of amino acids, and increase urinary excretion of nitrogen (Stryer, 1988). 
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In 1984, Johnson et al. covalently attached 125I-labeled glucagon to its receptor 

using the cross-linking reagent hydroxysuccinimidyl-p-azidobenzoate. The cross-linked 

material, believed as glucagon receptor, was isolated as a 63,000 dalton protein. Upon 

solubilization, the receptor was determined to be a dimer. Unfortunately its sequence was 

never revealed. The function of this protein has remained controversial since. 

Before the discovery of cAMP as the secondary messenger, little was known about 

the mechanism of the glucagon function. The only method available to study the bioactivity 

of glucagon was by measuring the blood glucose level in animals. As we now understand, 

there are many factors that can cause the blood glucose level to increase other than 

glucagon. This method alone cannot provide precise information of the glucagon-receptor 

interaction. Recently, many methods have been developed to study the hormone-receptor 

interaction. Among them, the purified liver plasma membrane adenyl ate cyclase system 

developed by Pohl (Pohl, 1972) was adapted for assaying binding affinity and enzyme 

activities of various glucagon derivatives. A non-recirculatory liver slice perfusion system 

was used for investigating glucagon-stimulated glycogenolysis in normal and diabetic rats 

(McKee, 1988). In vivo, glucose was monitored in the whole animal by measuring the 

elevation of the blood glucose level after intravenous administration of glucagon or its 

analogues. 

Glucagon has been implicated in the pathogenesis of various clinical diseases, 

mainly the diabetes mellitus (Unger, et al., 1981), a complex disease characterized by a 

grossly abnormal pattern of fuel usage - over production of glucose by the liver and under 

usage by other organs. A diabetes patient has abnormal glucose metabolism - the level of 

glucagon is too high and that of insulin is too low relative to the needs of the body. Excess of 

glucagon increases glucose formation by the liver, whereas insulin deficiency impairs the 
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entry of glucose into the cells and its utilization (Felig, et ai., 1976; Sherwin, et ai., 1976). 

The elevated glucose level will give rise to the excretion of glucose rich urine in large 

volume. At the same time, triacylglycerols are mobilized and ketone bodies are formed to an 

abnormal extent. Since the ketone body acids can not be excreted by the lungs, they will 

remain in high concentrations. These ketone body acids overwhelm the kidney's capacity to 

maintain acid-base balance. Therefore the untreated diabetic can go into a coma because of 

a lowered blood pH level and dehydration. 

A known feature of diabetes is the fuel usage shift. from carbohydrates to fats. Two 

types of diabetes have been characterized. One of them, called type I (or juvenile-onset) 

diabetes, is insulin-dependent, in which the accelerated ketone production leads to acidosis. 

Type II diabetes is non-insulin-dependent. Diabetics of this type have a normal or even 

higher than normal level of insulin in their blood. But their body systems have little 

response to the hormone. For type I diabetes, insulin therapy can be used as treatment. 

However, since the causes of type II are unknown, there is no appropriate treatment 

available. 

Although the role of glucagon involved in a diabetic state is still controversial, there 

are certain evidences which implicate glucagon as a possible factor in the pathogenesis of 

the disease. For example, infusion of somatostatin can suppress secretion of insulin and 

glucagon leading to a fall in blood glucose concentration that can be reversed by concomitant 

infusion of glucagon (Alford, et ai., 1974; Sakurai, et ai., 1974). Also, the infusion of 

somatostatin can inhibit secretion of the glucagon-induced hyperglycemia of diabetic 

patients (Gerich, et ai., 1974; Gerich, et ai., 1975). So far, most studies of controlling glucose 

release in diabetes have concentrated on the role of insulin. However, investigation into 
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glucagon structure-function relationships could provide important insights into the action of 

glucagon in both normal and diabetic states. 

Glucagon structure-function studies 

In order to obtain a full understanding of the mechanism of glucagon action and its 

involvement in the diabetic state, a number of groups have been engaged in design and 

synthesis of specific glucagon analogues. The intent of this type of research is that, through 

careful consideration of the chemical and conformational features of glucagon that are 

important for receptor binding and message transduction, synthetic glucagon analogues can 

be used as specific biochemical probes to identify and enhance those molecular features 

essential for recognizing the hepatic membrane receptor and those necessary for 

transducing the message to the corresponding physiological response. A large number of 

glucagon analogues have been synthesized and used in conjunction with biological response 

measurements in order to gain insight into the importance that a specific region of the 

glucagon molecule has on receptor binding and message transduction. 

The investigation of glucagon for structure-function features was initiated by 

analyzing the bioactivities of glucagon fragments. It was found that glucagon fragments 

containing sequence-deletions of four to five residues at or near the N-terminal region 

resulted in little or no adenylate cyclase activity but the retention of significant binding 

activity (Frandsen, et al., 1981). The C-terminal fragment [des-His1]glucagon is a 60% 

partial agonist for adenyl ate cyclase with only 2% the potency of the native peptide (Hruby, 

et al., 1986, Hruby, 1982; Lin, et al., 1975). These studies clearly demonstrated the 

importance of the 1-4 sequence, particularly the N-terminal histidine residue, for full 
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adenylate cyclase bioresponse. The fragments containing sequence-deletions in the C

terminal region of glucagon resulted in nearly complete loss of the receptor binding activity 

(Frandsen, et al., 1981; Frandsen, et al., 1985). Glucagonl.o and glucagonl.16 have been 

shown to recognize the glucagon receptor without evoking biological activity even at 

millimolar concentrations (Pelton, et al., 1983; Hruby, et al., 1986). 

The conformational features of glucagon important for receptor binding and 

biological activities have also been investigated through the use of a large number of 

glucagon fragments and analogues. In general, shorter N-terminal fragments such as 

glucagonl_12 and glucagonl_16 have no a-helix structure as determined by circular dichroism 

(CD) (Hruby, et al., 1986), whereas larger N-terminal fragments such as glucagonl.21 and C

terminal fragments of 19-29, 20-29, and 21-29 have substantial a-helical character 

(Edelhoch, et al., 1973; Wu, et al., 1981). Based on glucagon x-ray analyses and numerous 

structure-function studies, it has been proposed that an a-helix in the C-terrninal region is 

important for recognition of its hepatic receptor (Hruby, 1982). In addition, analysis of the 

C-terminal helix also indicates that it is amphiphilic in nature (Sasaki, et aI., 1975; Hamed, 

et al., 1983; Epand, 1983; Kaiser, et al., 1984). 

The examination of glucagon fragments indicates that most of the glucagon 

structure must be considered important for biological activity. It is found that the N

terminal region is essential for biological activity and contributes to the receptor binding, 

while the C-terminal residues 22 to 27 are important to receptor binding. Studies also have 

shown that the glucagon bioactivities were sensitive to many small changes in structure. 

Most parts of a molecule appear to be important in providing the correct three-dimensional 

structure required for receptor recognition, binding, and activation of the adenyl ate cyclase 

system (Rodbell, et aI.,1971; Epand, et aI., 1981; Bromer, 1983; Hruby, et aI., 1986). No small 
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fragments or sequences of glucagon have yet been prepared that retain high receptor 

potency and biological activity. Nevertheless, Jt is still possible that significant parts of the 

molecule do not serve as the specific sites of interaction with the receptor nor are they 

involved directly in transduction of the biological message. If true, it could be feasible, with 

some suitable conformational restrictions, to synthesize considerably shortened glucagon 

analogues that will retain high receptor binding and agonist or antagonist activities. 

Additional investigations have been carried out by designing and synthesizing 

analogues with increased a-helical and reduced ~-sheet potentials (the a-helical and ~-sheet 

potentials were measured by the method of Chou and Fasman, 1978) in the C-terminal 

region with a minimum of structural changes compatible with the known structure-function 

studies. The analogue [Lys17.18, Glu21]glucagon, which contains substituents to enhance a

helix and reduce ~-sheet structures in both the 15-18 and 19-27 regions of the native peptide 

as determined by circular dichroism experiments, was the first synthesized to exhibit 

greater potency than the native hormone in both receptor binding (500%) and adenyl ate 

cyclase (700%) activities (Krstenansky, et al., 1986). Clearly the C-terminal region of 

glucagon prefers an a-helical conformation with amphiphilic character for maximal binding 

activity. The x-ray crystal structure of this analogue is also available (unpublished result by 

Steve Burley, et al.). 

The same approach has been used to examine the central region of glucagon and 

assess its role in hormonal function (Krstenansky, et al., 1986). When either or both of the 

tyrosine residues at positions 10 and 13 are replaced with phenylalanine, the a-helix 

potential is increased and the ~-sheet potential is decreased in the 10-13 region of the 

analogue relative to glucagon. These derivatives show reduced potencies for both receptor 

binding and adenylate cyclase activities. The [Phe10]glucagon analogue is only a partial 
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agonist for the biological response. Thus, it appears that, while the enhancement of the a-

helical potential in this region is not favorable for receptor interaction, the phenolic group of 

TyrIO is important for the transduction of the full biological response. However, when the 

10-13 residues are replaced with a highly flexible pseudo-isosteric backbone spacer group 

lacking the side-chain functionalities, the analogues have reduced potencies but full abilities 

to activate the adenylate cyclase system. This indicates that none of these residues is 

essential for transducing the biological message. However, it seems that the 10-13 region of 

glucagon not only provides the functional groups important for maximal binding of the 

hormone to its receptor but also acts as a "hinge" linking the interaction of the biological 

activity message for proper activation of the receptor (Hruby, et al., 1986; Krstenansky, et 

al., 1986). 

With the replacement of the Asp16 with GluI6 in [GluI6, LysI7.I8, Glu2I]glucagon, 

TyrlS with PheI3 in [PheIS, Lys17.I8, Glu2l]glucagon, and both TyrlO and Tyr I3 with Phe in 

[Phe lO, Phel3, Lys17.I8, Glu2I]glucagon, the effects of extending the C-terminal a-helix 

potential and decreasing p-sheet potential have been further examined. CD studies 

indicated that the a-helical content continued to increase, whereas the [PheI3, LysI7.18, 

GIU2I]glucagon still remained more potent than glucagon in both binding and adenylate 

cyclase assay. [PhelO, PheIS, Lys17.18, Glu21]glucagon was actually the least potent analogue 

of this series. In fact, it is a partial agonist. This result suggests that a high helical 

probability is not amenable to full transduction, and that, indeed, a p-turn structure in 10-

13 region might be preferred for the transduction process. With these in mind, a 
r---l 

conformationally restricted glucagon analogue has been synthesized, [Asp9, Lysl2, Lys17.18, 

GIU21]glucagon (Trivedi, et al. 1990). This analogue has a cyclic lactam bridge between the 

p-carboxylate group of Asp9 and the Lys12 E-amino group to give a constrained 17-member 

ring structure in the central portion of the glucagon structure. It is interesting that this 
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compound has a unique biphasic binding curve with two distinct lew values, one at 5.6 nM 

which is very similar to glucagon itself, and another at 630 nM. This analogue gave only a 

partial agonist effect in the adcnylate cyclase assay mainly associated with the binding on 

the low affinity binding site. 

The ultimate goal for studying the structure-function relationships of glucagon is to 

be able to design and synthesize those analogues which have therapeutic value in the 

treatment of diabetes. In recent years, several such glucagon antagonists have been 

synthesized. [Na-trinitrophenyl-His1, homo-Arg12]glucagon (THG), synthesized in our lab, 

has been shown to be able to block glucagon stimulated cAMP production in vitro and to 

dramatically lower blood glucose levels in diabetic rats (Hruby, et al., 1980; Hruby, et al., 

1982). Other antagonists with modification at the 9 residue, such as [Glu9]glucagon and 

[des-NH2-Hisl, Glu9]glucagon, also showed good antagonist activities (Unson, 1987). 

Physical properties and conformational analysis of glucagon 

Glucagon has a molecular weight of 3482 and a molar absorptivity (pH=2) of 

8310 M·lcm-1 (Gratzer, et al., 1967). The solubility of it in aqueous solutions is less than 

5 mglml for pH 3.5 to 8.5 and greater than 10 mglml for pH 2 to 3 and pH 9 to 11 (Bromer, 

1972). The isoelectric point of glucagon is approximately pH 7 and it aggregates readily in a 

variety of forms, depending on various conditions (Formisano, et al., 1977; Johnson M. L., et 

al., 1979; Johnson R. E., et al. 1979). 

The elucidation of glucagon conformation has been marked by contradictory data 

and inconsistent conclusions because of its extreme range of structural polymorphism. The 

most definite structural information on glucagon has come from the x-ray crystal structure. 
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Crystals of glucagon grown at pH 9.2 in a phosphate buffer for x-ray analysis were shown to 

consist of a glucagon trimer in a largely a-helical conformat.ion (Sasaki, et al., 1975). 

Residues 10 to 25 exist in an a-helix with residues 6 to 9 and 26 to 29 in a less regular, 

right-hand helix. The a-helical structure of glucagon in solution is also shown in circular 

dichroism studies. The a-helical content increases with concentration (15% at 1 mg/ml and 

35% at 10 mg/ml), indicating that the association of glucagon stabilizes the a-helical 

structure (Srere and Brooks, 1969). The helical content of glucagon decreases with 

increasing temperature, from 23% at 5.5 DC, 15% at 20°C, to 8% at 38 °c in pH 10.2 and 

0.14 mg/ml solution, a concentration when glucagon is monomeric (Tran, et ai., 1983). The 

high resolution IH-NMR of glucagon (0.1 mM aqueous solution) has shown that the 

monomeric peptide existed in a flexible, extended conformation with a significant 

hydrophobic side chain interaction for residues Phe22, Val23, and Trp25 (Boesch, et al., 

1978). Earlier studies by Epand et al. (1971) indicated that monomeric glucagon adopted a 

compact shape with a globular structure. Electron micrographs of glucagon also showed a 

compact shape (Korn and Ottensmeyer, 1983). However, it was found that monomeric 

glucagon lacked a stable conformation and it formed a more helical structure in a lipophilic 

environment (Panijpan and Gratzer, 1974; Braun, et al., 1983; Wider, et al., 1982; Robinson, 

et al., 1982; Braun, et ai., 1981; Jones, et al., 1978; Schneider and Edelhoch, 1972). 

Although these investigations have provided the basis for an interpretation of 

glucagon structure and its relationship to receptor binding, the definite bioactive 

conformation of glucagon has otill not been found. Some time ago, Korn and Ottensmeyer 

(1983) proposed a model for the three dimensional structure of glucagon in solution by 

combining the synthetic results with the extensive literature of physical data on glucagon in 

solution. The model they proposed was guided by the secondary structure prediction rules 

and by the intramolecular interactions which considered hydrophobic interactions as being 
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the most significant structural determinant. Hydrogen bonding and ionic interactions were 

also taken into consideration. 

Electron micrographs show that glucagon has a triangularly shaped structure about 

30 A in height and about 30 A at the base. They also revealed the presence of a groove on 

one side of the molecule, suggesting an organization into at least t.wo domains. By using 

Chou-Fasman calculations, ~-turns at positions 2-5, 10-13, and 15-18, a-helical structure for 

positions 19-27, and ~-sheet structure from residue 5 to 10 were predicted. A simplified 

secondary structure of the Korn and Ottensmeyer's model is shown in Figure 1.6. In order 

to correlate the triangular shape observed in electron micrographs with the Chou-Fasman 

calculations, the ~-sheet region of the molecule (residue 5-10) was folded upon the a-helix 

portion of the molecule (residue 19-27). The ~-turns, 10-13 and 15-18, allow the chain to 

reverse its direction twice in order for the ~-sheet to interact with the base of the cone so as 

to maximize intramolecular hydrophobic contacts. Hydrophobic side chain groups are 

clustered on the right side of the helix, giving the shape of an inverted cone. The resultant 

model has a compact, well-defined structure that is consistent with all the relevant data. 

Moreover, the model suggests some structure-function relationships that can explain 

various experimental observations. 

Design of the glucagon analogues 

Glucagon, which contains 29 amino acids, is a small naturally occurring polypeptide. 

Although the solid phase structure of the protein is known by x-ray structure analysis, its 

conformational structure in solution still remains controversial. It is of great interest to find 

out whether a protein this small can retain its structure in solution, since it is 
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Figure 1.6 Korn and Ottensmeyer's model of the secondary structure of glucagon. 
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necessary for a hormone chain to maintain a balance between the flexibility and the ability 

to adopt a proper conformation for receptor recognition. 

The first step towards a rational design of bioactive glucagon analogues is by 

evaluating the previous findings. In spite of many conformational studies on glucagon, little 

is known about its secondary structures in solution. Most of the studies have focused on 

glucagon itself using CD, NMR, and theoretical calculations. In this research, various 

synthetic glucagon analogues, especially conformationally constrained glucagon analogues, 

have been investigated, in hope that they would shine some light on this subject. However, 

as mentioned earlier, the complex nature of glucagon makes synthesis and conformational 

analysis of the molecule difficult. There are several special facts about this peptide that 

should be takcn1into account for the purpose of design. First of all, glucagon has a variety of 

amino acids in its primary structure. Some of these amino acids are very sensitive to their 

chemical and physical environments. During synthesis, effects on these amino acids on the 

synthetic protocol design and the choice of reaction conditions needs special attention. 

Things that need to be considered very carefully during design are protecting groups of each 

amino acid, conditions for coupling and decoupling reactions, cyclization reagent selection 

and condition, HF cleavage procedures, purification schemes, as well as identification 

techniques. Secondly, glucagon easily aggregates at certain concentrations. The exact 

concentration (If the aggregation differs from one analogue to another. Enzymatic 
I 

degradation is another factor which has to be addressed during purification and storage. 

Furthermore, the flexibility of the peptide backbone is a major problem for carrying more 

precise experiments like two-dimensional NMR NOE experiments. The flexibility of the 

peptide bond is also the major cause of inconsistent findings by biophysical analysis. Finally, 
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the inconsistent results of glucagon between the x-ray crystal structure and findings in 

dilute solution are of major concern during the conformational study. 

We know that every single amino acid in glucagon is important in order to retain its 

full activity. However, glucagon is a large peptide. Studying each and every resjdue, like 

that in small peptides, is expensive and time consuming. In order to understand the 

conformational contributions of various regions or residues along the peptide chain, a 

systematic modification strategy had to be considered for this investigation. The strategy 

consists mainly of designing conformationally constrained glucagon analogues to take into 

account the features of global conformation and, at the same time, to overcome the 

disadvantage of the flexibility of the peptide backbone. 

In general, conformational restrictions can be achieved by (1) modification on side 

chain group to yield local rigidity, (2) cyclization between peptide side chains or between 

peptide side chain and backbone to introduce global rigidity. Some the advantages of using 

conformational constraints in structure-function studies are listed in Table 1.1. 

Having chosen conformationally constrained analogues as the main focus of this 

investigation, the published literature of glucagon conformations has been carefully 

reviewed. This includes the x-ray crystal structure, biophysical experimental results, 

theoretical predictions, and structure-function studies done previously. Combining all the 

relevant information with the primary computer modeling results, a series of cyclic glucagon 

analogues were designed. The primary structures of these analogues are listed in Table 1.2. 

We have focused the cyclization regions in the middle portion of the molecule from residue 9 

to 21 to avoid disturbing too much the two major functioning regions of the molecule: the 

signal transduction N-terminal and the receptor binding C-terminal. 
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Table 1.1 Advantages of confonnational restrictions in structure-activity studies (Hrubyet 
al.,1986) 

1. Rigid and semi-rigid analogues can be obtained by applying restrictions on 
flexibility. 

2. Solution confonnation can be detennined more readily. 

3. Deduction of specific topological features can be easier. 

4. Confonnational properties in solution are more likely retained at the receptor. 

5. Higher potency analogues may give infonnation on the receptor relevant 
confonnation. 

6. Analogues with constraints are more stable against degradative enzymes. 

7. Confonnational and structural features important to bioactivities can be 
detennined more precisely. 

8. Increased receptor specificity of peptides having bioactivity at several receptors can 
be obtained. 

9. Confonnational models (and designed analogues) can be checked for validity and 
studied further. 

To eliminate complications, the cyclizations were perfonned only on the native 

primary structures with minimum substitutions. The cyclization was achieved through 

covalent side chain to side chain lactam fonnation, that is, the carboxylate group of the Asp 

side chain or Glu side chain reacting with the amino side chain group on Lys or Orn. 

A second separate approach is to investigate factors affecting the amphililic helical 

structure of the native hormone. It has been proposed that the biological activity of many 

larger polypeptide honnones may be related to the presence of amphiphilic helices. A basic 

hypothesis of Kaiser and coworker (1984) was that the major structural feature for 

biological activity was the presence of a stabilized amphipathic helix without the need for a 

specific primary structure or topographical feature. The superagonist [Lys17.18, 



Table 1.2 Summary of glucagon analogues synthesized in this investigation 

Glucagon analogues 

~ 12 17 18 21 1 8 i i 1 5 
A [Asp ,Lys ,Lys • ,Glu ]Glucagon-NH2 His-Ser-Gln-Gly-Thr-Phe-Thr-Ser-Asp-Tyr-Ser-Lys-Tyr-Leu-Asp-

r:--l 
B [ASp9,Lys 12]Glucagon-NH2 

r.:-1 
C [Lys 12 ,Asp 15]Glucagon-N H2 

r:-::-1 
o [Asp 15Lys 18]Glucagon-NH2 

E [Lys 17 ,LY~ 18 ,G;U21 ]Glucagon-NH2 

r.:--1 
F [Lys 12,Asp21]Glucagon-NH2 

G [Om 17.18,Glu21)Glucagon_NH2 

H [Nle 17,Lys 18,Glu21]Glucagon-NH2 

I [Lys 17]Glucagon-NH2 

J [Lys 18)Glucagon-NH2 

Ser-Lys-Lys-Ala-Gln-Glu- Phe-Val-Gln-Trp- Leu-Met-Asn-Thr-NH2 
i 

His-Ser-Gln-Gly-Thr-Phe-Thr-Ser-Asp-Tyr-Ser-Lys-Tyr-Leu-Asp
Ser-Arg-Arg-Ala-Gln-Asp-Phe-Val-GI n-Trp- Leu- Met-Asn-Thr-N H2 

, , 
" . 

His-Ser-Gln-Gly-Thr-Phe-Thr-Ser-Asp-Tyr-Ser- Lys-Tyr-Leu-Asp-
Ser-Arg-Arg-Ala-Gln-Asp-Phe-Val-Gln-Trp-Leu-Met-Asn-Thr-NH2 

r-
His-Ser-Gln-Gly-Thr-Phe-Thr-Ser-Asp-Tyr-Ser-Lys-Tyr-Leu-Asp-
Ser-Arg-Lys-Ala-Gln-Asp- Phe-Val-Gln-Trp- Leu-Met-Asn-Thr-N H2 

His-Ser-Gln-Gly-Thr-Phe-Thr-Ser-Asp-Tyr-Ser-Lys-Tyr-Leu-Asp
Ser-Lys- ~ys-Ala-Gln-Glu-Phe-Val-Gln-Trp-Leu-Met-Asn-Thr-NH2 

His-Ser-Gln-Gly-Thr-Phe-Thr-Ser-Asp-Tyr-Ser-Lys-Tyr-Leu-Asp
Ser-Arg-Arg-Ala-Gln-Asp- Phe-Val-GI n-Trp- Leu-Met-Asn-Thr-N H2 

His-Ser-Gln-Gly-Thr-Phe-Thr-Ser-Asp-Tyr-Ser- Lys-Tyr-Leu-Asp
Ser-Orn-Orn-Ala-Gln-Glu-Phe-Val-Gln-Trp- Leu-Met-Asn-Thr-N H2 

His-Ser-Gln-Gly-Thr-Phe-Thr-Ser-Asp-Tyr-Ser-Lys-Tyr-Leu-Asp
Ser-Nle-Lys-Ala-Gln-Glu-Phe-Val-Gln-Trp- Leu-Met-Asn-Thr-N H2 

His-Ser-Gln-Gly-Thr-Phe-Thr-Ser-Asp-Tyr-Ser-Lys-Tyr-Leu-Asp
Ser-Lys-Arg-Ala-Gln-Asp- Phe-Val- Gln-Trp- Leu-Met-Asn-Thr-N H2 

His-Ser-Gln-Gly-Thr-Phe-Thr-Ser-Asp-Tyr-Ser-Lys-Tyr-Leu-Asp
Ser-Arg -Lys-Ala-Gln-Asp-Phe-Val-Gln-Trp- Leu- Met-Asn-Thr- N H2 

~ 
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Glu21]glucagon analogue, which gave a dramatic increase in binding and adenyl ate cyclase 

activity, is considered to fit into this hypothesis. However, there has never been any proof 

that the im:rease of the amphiphilic character in that region was the only factor causing the 

change in activity. In this investigation, several analogues have been designed with 

modification at the 17, 18, and 21 positions in order to elucidate the function of this region. 

The design is based on the information obtained from the superagonist [LysI7.18, 

Glu21]glucagon. The idea is to characterize the roles of the individual amino acids residues 

of the 17, 18 and 21 positions and to evaluate the role of the "salt bridge" between Lys18 and 

Glu21 observed in the [LysI7.18, Glu21]glucagon analogue x-ray crystal structure. 
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Cbapter2 

SOLID PHASE SYNTHESIS OF GLUCAGON ANALOGUES 

General scheme of solid phase synthesis of peptides 

The basic idea of the solid phase synthesis approach involves covalent attachment of 

growing peptide chains to an insoluble polymer support, so that any unreacted soluble 

reagents can be removed by simple flltration and washing. In most solid phase syntheses, 

suitable protected amino acids are building blocks which are added sequentially from the C

terminal toward the N-terminal after the first C-terminal residue has been appropriately 

anchored to the polymer resin. Once the chain elongation is completed, the crude peptide is 

cleaved off the support under conditions that are not destructive to the sensitive residues in 

the sequence. At the same time, all amino acid side chains should be deprotected. An 

illustration of the general scheme for the solid phase peptide synthesis is shown in Figure 

2.1. 

The resin support is usually a polystyrene polymer cross-linked with 1% of p

divinylbenzene. It comes in the form of small dry beads and has to swell five- to six-fold in 

volume to assure the mobility and reagent accessibility for the attached peptide chains. The 

polymer support must contain appropriate functional groups onto which the first amino acid 

can be attached. Two types of resin are commonly used in the solid phase peptide synthesis. 

They are Merrifield resin and p-methylbenzhydrylamine resin (Figure 2.2). By using the 

classical Merrifield resin (chloromethylated polystyrene, 1% divinylbenzene cross-linked), C

hydroxy terminal glucagon analogues can be formed. The C-terminal amide compounds can 

be formed through ammonolysation (Meienhofer et aZ., 1973). The use of benzhydrylamine 
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Polymer Resin 

Attachment of the first Boc protected amino acid AA1 to the solid support 

Boe - AA 1 - Polymer Resin 

n 
Deprotection of 

Nil-amine group (TFA) 

Boc - AAif 

Neutralization 

of Nil-amine group (OlEA) 

.0. 
( Coupling of AA2,AA3 .... AAn ) 

jJ. 

AAl - I Polymer Resin I 
11 After nth coupling 

Cleavage of peptide from the solid support and deprotection 
of all amino acid side chain protecting groups (HF) 

AA1 - CONH2+ Polymer Resin 

Figure 2.1 The general scheme for solid phase peptide synthesis. 
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Merrifield Resin 

CI-CH
2
-( } Polymer 

p-Methylbenzhydrylamine Resin 

N~-CH-< )-[ POlymer) 

~I 
~ 

CH3 

Figure 2.2 Two types of resin which have been used in the solid phase peptide synthesis of 
glucagan analogues 
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(BHA) or p-methylbenzhydrylamine (pMBHA) resin (Hruby et al., 1973, 1977) yields the C

terminal amide directly by anhydrous hydrofluoric acid (HF) cleavage. 

The procedure of the solid phase synthesis is a systematic elaboration of growing 

peptide chains. It involves protecting and deprotecting amino acids, coupling, and cleaving. 

First of all, each amino acid has to be protected by a proper protecting group both at the 

amino terminal and on the side chain if necessary. The group used most often for the 

protection of the a-amino group is the t-butyloxycarbonyl (Boc) group. The deprotection, 

which removes the Boc group, is done using dilute solutions of strong acids such as 48% 

trifluoroacetic acid (TFA) in dichloromethane (DCM). The deprotecting conditions, e.g., the 

TFA concentration and the deprotection time, can vary depending on the amino acids and 

the elongation stages during synthesis. The above synthesis using Boc protecting groups is 

sometimes referred to as Boc (chemistry) strategy. The general scheme for solid phase 

peptide synthesis using the Boc strategy is illustrated in Table 2.1. In the Boc strategy, 

certain neutralization reagents need to be used after the deprotection step. Recently, 

another technique has been gaining popularity. It uses 9-fluorenylmethoxycarbonyl (Fmoc) 

instead of Boc for the a-amino group protection. The Fmoc protecting group can be easily 

removed with secondary amines (Carpino and Han, 1972; Chang et al., 1980). The side chain 

protecting groups must be stable against the a-amino deprotection conditions. 

During this investigation, only the Na-Boc technique has been used in synthesizing 

the glucagon analogues, mainly because of the limited budget. However, the Fmoc technique 

has been used for the cyclization processes during synthesizing the cyclic analogues. 

Table 2.2 illustrates the protecting groups used in this investigation and the methods of 

their removal. 
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Table 2.1 Coupling scheme used for Na-Boc chemistry in solid phase synthesis. 

Description Reagent/Solvent Reps. Time(min) 

1. Swell resin DCM 1 180 

2. Deprotecion 48% TF A, 2% anisole in DCM 2 20-50 

3. Wash DCM 3 1 

4. Neutralization 10% DIENCH2Cl2 3 2 

5. Wash CH2Cl2 4 1 

6. MonitorNH2 Ninhydrin or Chloranil test 1 5 

7. Coupling 3 - 4 equivalent excess 1-2 60-120 

Na-Boc amino acids, DIC, 

HOBt, CH?,Cl?, 

8. Wash DCM 4 1 

9 Monitor Ninhydrin or Chloranil test 1 

10. Repeat from step 2 to 9 

Amino acids are generally coupled to a growing peptide chain by use of 

carbodiimides, usually dicyclohexylcarbodiimide (DCC) or diisopropylcarbodiimide (DIC) in 

the presence of I-hydroxybenzotriazole (HOBt). As indicated in Figure 2.3, the DIC scheme 

offers more soluble products, which can be easily washed out (Sheehan and Hess, 1955; 

Sarantakis et al., 1979; Rich and Singh, 1979). The coupling reactions take place at room 

temperature in dichloromethane, dimethylforrnamide (DMF), or 1-methyl-2-pyrrolidinone 

(NMP) for 40 minutes to 2 hours. The coupling reagents are used in amount three- to four-

fold in excess to assure the completion of the reactions. A suitable monitoring process is 

usually needed to check each coupling reaction. 



Table 2.2 Amino acid protecting groups used in this investigation. 

Functional group 
1. a-Amino 

2. e-Amino (of Lys) 

3. o-amino (of Orn) 

4. I3-Carbonyl 
(of Asp) 

5. y-Carbonyl 
(of Glu) 

6. I3-Hydroxyl 
(ofThr or Ser) 

Protecting group 
t-butyloxycarbonyl (Boc) 
stable: H/'pd, NalNH~ 
cleaved: TF A, HCl 

9-fluorenylmethoxycarbonyl (Fmoc) 
stable: TFA, HCl 
cleaved: 2° amines 

2,4-dichlorobenzyloxycarbonyl 
(2,4-Cl?-Z) 
stable: TFA 
cleaved: HF, NalNH~ 

2,4-dichlorobenzyloxycarbony I 
(2,4-CI~rZ) 
stable: TFA 
cleaved: HF, NalNH~ 

cyclohexyl 
stable: TFA, HCI 
cleaved: HF 

Benzyl (I3-Bzl) 
stable: TFA 
cleaved: HF, HBr-TFA 

Fm ester 
stable: TFA 
cleaved: 2° amines 

Benzyl (y-Bzl) 
stable: TFA 
cleaved: HF, HBr-TFA 

Fm ester 
stable: TFA 
cleaved: 2° amines 

Benzyl (O-Bzl) 
stable: TFA, HCI 
cleaved: HF, NalNH:-l, H?lPd, 

HBr-TFA 
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There have been a number of qualitative and quantitative methods developed for 

monitoring coupling reactions. The ninhydrin test (Kaiser et al., 1970) is one of the widely 

used ones. In this test, a very small amount of resin is sampled. After being washed with 

methanol and dried, the resin is transferred into a test tube. Two to three drops of each of 

the following solutions are then added into the test tube: (1) ninhydrin in ethanol; (2) phenol 

in ethanol; and (3) potassium cyanide in pyridine. After heating the sample at 110°C for five 

minutes, one observes the colors of the beads and the solution as indications of completion of 

the reaction. If both the beads and solution are yellow, the coupling reaction is complete. A 

slightly blue color indicates that the reaction is about 99.4% complete. On the other hand, a 

complete deprotecting reaction shows a dark blue color for both the beads and the solution. 

The advantage of this test is its easiness, reliability in most cases, and speed. However, 

during our glucagon analogue synthesis, some difficulties were encountered using this 

method to monitor both the coupling and deprotecting reactions. The problems usually 

occurred during the last stage of the synthesis right after cyclization reactions. 

Another monitoring method, the chloranil test, can be used along with the ninhydrin 

test described above. This particular test employs three reagents: (1) chloranil in toluene, (2) 

acetaldehyde, and (3) acetone. Again, a sample of peptide resin is washed in a manner 

similar to the ninhydrin test procedure. Precaution has to be taken to keep the beads as dry 

as possible. Solutions (1), (2), and (3) are added in the ratio of 2 : 5 : 2 and then mixed for 5 

minutes at room temperature. Free amino groups are indicated by blue and green colored 

beads. If there are indications of any unreacted free amino group remaining, one can either 

repeat the coupling by using a "double coupling protocol" or by "capping" the unreacted sites 

with reagents such as acetic anhydride to terminate the chains. 
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The final step of peptide synthesis is to remove all protecting groups and the 

polymeric support. For this purpose, various methods have been developed, all striving for 

high efficiency and minimal side reactions (Barany and Merrifield, 1980). By far the most 

popular method for deprotection and cleavage is acidolysis with anhydrous HF (Sakakibara 

and Shimohigashi, 1965). However, some peptides, such as glucagon, contain Trp(s) with an 

Ni-formyl protecting group that is not easily removable using conventional HF cleavage 

methods. There has to be an additional deprotecting step using 1M piperidine in DMF for 2 

hours before the HF cleavage. Otherwise, a newly developed low-high HF procedure has to 

be used (Tam et al., 1983). 

Once a crude peptide has been obtained, a series of purification steps must be taken. 

There are several techniques to isolate and purify peptide hormones. A general procedure 

for purifying a synthetic peptide involves gel filtration, dialysis, and HPLC. The conditions 

used for purification vary from peptide to peptide. Finally, the synthetic peptides need to be 

characterized to ensure that the primary structure is correct by HPLC, TLC, amino acid 

analysis, and FAB-MS peptide mapping techniques. 

Synthesis of glucagon analogues 

Preparation of the NIl-Boc amino acids 

Most of the NIl-Boc amino acids used in this work were synthesized in our 

laboratory. The procedure for synthesizing the NIl-Boc amino acids was as follows (Tarbell et 

al., 1972): 0.1 mole of the amino acid was first suspended in 600 ml dioxane and water (2:1). 

4N NaOH was added at 0 °C until the pH value reached 10 to 10.5 and was maintained 
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there. Then, 0.12 mole of Boc-dicarbonate was added with the pH kept at 10.5 by 4N NaOH. 

The mixture was stirred over night at room temperature. Afterwards, the dioxane in the 

mixture was evaporated in vacuo, and the pH was adjusted back to 10.5 with 2N NaOH. 

The solution was then extracted several times with ether. The aqueous layer was adjusted 

with IN HCI to pH 4.0. Next, the solution was extracted with ethyl acetate (3 X 50 mI). The 

organic layers were then combined and washed with saturated NaCI solution (2 X 100 mI) 

and water (2 X 100 mI). Finally they were dried over MgS04 and ethyl acetate was 

evaporated off in vacuo. The oily product was checked with the ninhydrin test for 

completion of the Boc protection. Most amino acids can be crystallized using petroleum ether 

or ethyl acetate and hexane. 

Preparation of NIl-Boc-Of.ll-9-fluorenylmethyl esters of aspartic and glutamic acid 

Both NIl-Boc-Of.ll-9-Fm-Asp and NIl-Boc-Of.ll-9-Fm-Glu were needed for synthesizing 

the cyclic glucagon analogues. They were synthesized according to a published procedure 

(Bolin et ai., 1989). The synthesis scheme is illustrated in Figure 2.4. First, NIl-t_ 

butyloxycarbonyl-Oll-benzyl-L-aspartate (0.01 mole) and 9-fluorenylmethanol (0.01 mole) 

were dissolved in 75 ml of DCM and cooled to O°C. Then 0.1 mmole of 4-

(dimethylamino)pyridine was added and the mixture stirred. Next, 0.01 mole of DCC was 

added in portions over 10 minutes. The resulting mixture was stirred for one hour with 

continued cooling. The precipitated N, N'-dicyclohexylurea (DCU) was removed by filtration 

and the filtrate was diluted with 150 ml DCM. This solution was extracted with 2 X 40 ml 

10% citric acid, 1 X 40 ml H20, 2 X 40 ml 2.5% NaHCOa, 2 X 40 ml H20, and then dried 

over MgS04• It was then filtered and concentrated to an oily solid, NIl-t-butyloxycarbonyl

OIl-benzyl-Of.ll-9-fluorenylmethyl-L-aspartate, aa in Figure 2.4. 
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Figure 2.4 The synthetic scheme for the Na-Boc-Ooo-9-fluorenylmethyl esters of aspartic and 

glutamic acids. 
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A solution of.aD. in 70 ml methanol was hydrogenated over 300 mg of 10% PdlC for 

1.5 hours at room temperature with an initial pressure of 40 psi. The catalyst was then 

filtered off and the filtrate was concentrated. The residual oil was dissolved in 200 ml ether 

and extracted with 1 X 40 mI2.5% NaHCOa, 1 X 40 ml H20, 1 X 40 ml 2.5% NaHCOa, and 

1 X 40 ml H20. The aqueous layers were combined and acidified to pH 2 with 10% citric 

acid. '!'he mixture was extracted with 4 X 40 ml ether. The combined ether extracts were 

dried over MgS04, filtered, and concentrated to a white foam. Re-crystallization with 

methanol/ether yielded 3.56 g (79%) of la. 

Synthesis of[~p9, LYs12, Lys17,18, Glu21]glucagon-NH2 (analogue 1) 

Starting with 3.67 g of p-methylbenzhydrylamine resin (substitution=0.64 mmoleJg), 

analogue 1 was synthesized on a 2 mmole scale, following the general solid phase synthesis 

procedure described above. A few drops of acetic anhydride were added to block the free 

amine groups on the resin after 1 equivalent of the first amino acid was coupled to it. The 

following twenty protected amino acids, from Asn28 to Asp9, were coupled in stepwise 

fashion to the growing peptide chain. The modifications at positions 17, 18, and 21 were 

taken into account. Instead of the normally used NCl-Boc-p-carboxycyclohexyl-Asp, position 9 

was substituted with NCl_Boc-OOJ-Frn-Asp and position 12 with NCl-Boc-Nc-Fmoc-Lys. After 

deprotecting the side chain Fm and Fmoc protecting groups of Asp9 and Lys12 by 20% 

piperidine for 40 minutes, three equivalents of benzotriazolyloxy

tris[dimethylamino]phosphonium hexafluorophosphate (BOP reagent, 2.68 g) and 0.7 ml 

DIEA in DMF were added. After three hours, the ninhydrin test showed a light blue color 
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indicating that the cyclization reaction had not been completed. Another portion of the same 

cyclization reagent was added. After three more hours, the cyclization was complete. 

The deprotection of the Nn-Boc group of Asp9 took three times for 20, 40, and 60 

minutes respectively before passing the ninhydrin test. The cyc1ization may cause the 

difficulty in the deprotection of the Nn-Boc group of Asp9. The ninhydrin reagent could be 

also somehow less sensitive after the Fmoc chemistry had been used, since the chloranil test 

showed positive after the second round of deprotection. The rest of the amino acids were 

added in order using the Boc strategy. 6.95 g resin was obtained at the completion of the 

synthesis. 

In order to compare the efficiencies and results of different procedures for side chain 

deprotection and HF cleavage, two methods were tried for this analogue. The first one used 

a separate step to deprotect the Trp formyl group before the traditional HF cleavage 

procedure. The second method was the low-high HF procedure (Tarn et ai., 1983). 

In the first method, 2.5 g of the resin was stirred in 50 ml of 1 M piperidine in DMF 

at 0 °C for 2 hours. After filtration, the resin was washed with 2 X 10 ml DMF, 2 X 10 m} 

DCM, and 3 X 10 ml methanol and dried overnight, yielding 2.3 g. The resin was then 

cleaved by HF. 1 g of the resin was placed in a reaction vessel along with 1 ml anisole, 1 m} 

DMS, and 110 mg of mercaptopyridine as scavengers of the reactive carbonium ions 

produced by the cleavage of side chain protecting groups. The vessel was cooled with liquid 

nitrogen and evacuated. Then, 15 ml of anhydrous HF was transferred into the reaction 

vessel. At zero degree, the mixture was stirred for about one hour. After that, HF was 

removed by distillation. In a fume hood, the mixture of the resin and the free peptide was 

washed with anhydrous ethyl ether (3 X 20 m}) and filtered. The resin and peptide were 

next rinsed with 3 X 20 ml ethyl acetate and 3 X 20 ml DCM. After transferring to a clean 
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flask, the mixture was fIltered with 5 X 40 ml of 10% acetic acid. The fIltrate was then 

frozen in an acetone/dry ice bath and lyophilized overnight to a crude powder. 

In the second method using the low-high HF procedure, 1.5 g of the peptide resin 

was put into a reaction vessel along with 20 ml DMS, 2.25 ml p-cresol, and 0.8 ml p

thiocresol. The mixture was chilled down to liquid nitrogen temperature. HF (7.5 ml) was 

transferred into the reaction vessel and stirred at 0 °0 for 1 hour. After HF and DMS were 

evaporated off, the resin was washed with anhydrous ether (3 X 20 ml), DOM (3 X 10 ml), 

and ethyl acetate (3 X 20 ml) to yield 1.2 g of dry resin. This resin was then used for the 

continuing high HF procedure as described above. The only difference is that the reaction 

time can be as short as 40 minutes instead of 1 hour. 

The crude peptide mixture was dissolved in 10 % acetic acid solution and transferred 

to a dialysis bag. The dialysis membrane had a 1000 or 2000 m.w. cut-off line and was 

purchased from Spectrum (Los Angeles, OA: 50 mm X 5 m Sulfur-Free EDTA treated 

cellulose dialysis tubing in 0.05% sodium azide record #132118). It is made of a permeable 

membrane which allows only compounds below 1000 or 2000 molecular weight to pass 

through into a solvent bath. By frequently changing the solvent, the mixture in the bag can 

lose more and more lower molecular weight fragments. This is one way to remove most of 

the organic and peptide fragments. The dialysis was set up in a cold room at 5 °0 in a 

constantly stirred 10% acetic acid bath. The dialysis bag was also constantly rotated. The 

bath was changed every 6 hours for 18 hours. Afterwards, the solution inside the dialysis 

bag was transferred to a round bottom flask and lyophilized overnight. A fluffy white solid 

was obtained. 

The lyophilized product from the dialysis was again dissolved in 10% acetic acid and 

purified with reversed phase high performance liquid chromatography (RP-HPLO). A 
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Spectra Physics Model 8700 (Spectra Physics Corporation, San Jose, CA) instrument 

equipped with a Spectra Physics Model 8400 variable wavelength detector was used. Both 

Vydac 214TPI0I0 C4 semi-preparative (10 mm, 10 mm X 25 cm) and Vydac 218TPI0I0 CIS 

semi-preparative (10 mm, 10 mm X 25 cm) columns were used. The detection of the peptide 

material was done by monitoring the UV absorbance at 214 nm for peptide backbones and at 

280 nm for tyrosine side chains. The HPLC conditions were as follows: linear gradient 

elution starting with 30% CH3CN in 0.1% TFA to 55% CH3CN, 1%/min increase for 25 

minutes at a flow rate of3 ml/min, followed by elution with 90% CH3CN in 0.1% TFA for 5 

minutes. The columo was equilibrated for 10 minutes with 30% CH3CN in 0.1% TFA before 

the next injection. One major peak was obtained with a k' value of 1.24. This major peak, 

which is 18.8% of total peak area of the injection, was collected and lyophilized to yield 

peptide 1 as its TF A salt. The overall yield was 3%. 

The purity of the synthetic glucagon analogues was checked by TLC on a glass

backed Silica Gel G plate using the following solvent systems: (1) ethyl acetate: pyridine: 

acetic acid: water: 6: 2 : 2 : 1; (2) I-butanol: acetic acid: water: pyridine: 5 : 1 : 4 : 5; (3) 1-

butanol: acetic acid: water: pyridine: 4: 1 : 1 : 3. The detection was made using ninhydrin 

spray. Single symmetrical spots were observed for this purified glucagon analogue. 

The analytical chromatographic data are listed in Table 2.3. The amino acid analysis 

was performed on a Model 420A Amino Acid Analyzer (AB!) at the Biotechnology Center 

Facility of the University of Arizona. The results are listed in Table 2.4 
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Table 2.3 Analytical properties of synthetic peptide analogues. 

Analogues TLCa HPLCb uve 

A B C C4 Cl8 £229 

r-:::---1 
1 [Asp9, Lys12, Lys17.I8, Glu2I]glucagon-NH2 0.66 0.78 0.53 1.27 1.84 8217 

2 [Asp9, Lys12]glucagon-NH2 0.70 0.74 0.64 1.21 1.77 6554 

3 
r-:::--l 

[Lys12, Aspl5]glucagon-NH2 0.85 0.77 0.85 0.97 1.82 8475 

4 
~ [AspI5, Lysl8]glucagon-NH2 0.51 0.76 0.63 0.90 1.43 6996 

5 [LysI7, LYsI8, Gtu2I]glucagon-NH2 0.67 0.76 0.63 0.85 1.02 6665 

6 [Lys12, AJp21]glucagon-NH2 0.72 0.86 0.68 0.91 1.57 5854 

7 [OrnI7,18, Glu2l]glucagon-NH2 0.69 0.70 0.75 1.16 1.74 6473 

8 [Nle17, Lysl8, Glu2l]glucagon-NH2 0.69 0.68 0.66 1.03 1.75 6694 

9 [Lys17]glucagon-NH2 0.67 0.79 0.57 1.28 1.47 5306 

10 [LysI8]glucagon-NH2 0.67 0.75 0.57 0.99 1.48 5621 

a Kodak Analytical Glass TLC plates were used 
Solvent systems: A ethyl acetate / pyridine / acetic acid / water 12:4:4.2:2.2; 

B. butanol/acetic acid / pyridine / water 5:4:1:5 
C. butanol/acetic acid / pyridine / water 4:1:1:3 

b Vadac 214TP1010 C4 reversed phase (25 X 0.46 cm) and Vadac 218TP1010CI8 
reversed phase (25 X 0.46 cm) with 0.1% trifluoroacetic acid/acetonitril (75/25 v/v); flow 
rate 3.0 mllmin. All peptides were monitored at 214 nm and 280 nm. 

e Molar absorptivity. Glucagon at 279 nm wavelength £279 = 8310 M-1cm-I 

A new method for a more detailed characterization of the synthetic glucagon 

analogues in this investigation using the fast atom bombardment mass spectrometry 

mapping of the endoproteinase Asp-N digest mixtures has been developed and will be 

described separately in Chapter 3. The MS results are listed in Table 3.2. 
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Table 2.4 Amino acid analysisR of glucagon analoguesh. 

1 2 3 4 5 6 7 8 9 10 

Ala 0.97(1) 0.97(1) 1.06(1) 1.05(1) 0.99(1) 0.96(1) 1.02(1) 1.08(1) 0.95(1) 0.98(1) 

Arg 2.02(2) 1.96(2) 1.07(1) 1.84(2) 1.05(1) 0.96(1) 

Asx 2.85(3) 4.32(4) 3.84(4) 4.08(4) 3.12(3) 3.80(4) 2.82(3) 2.82(3) 4.20(4) 4.24(4) 

Glx 4.00(4) 3.06(3) 2.94(3) 3.24(3) 3.92(4) 2.82(3) 4.20(4) 3.84(4) 2.91(3) 3.03(3) 

Gly 0.96(1) 1.04(1) 1.01(1) 1.08(1) 1.02(1) 0.90(1) 0.95(1) 1.02(1) 0.98(1) 1.05(1) 

His 1.02(1) 1.03(1) 0.96(1) 1.04(1) 0.94(1) 0.98(1) 0.91(1) 1.03(1) 1.05(1) 1.02(1) 

Leu 2.10(2) 2.02(2) 1.88(2) 2.10(2) 2.12(2) 1.90(2) 1.86(2) 2.02(2) 2.04(2) 2.04(2) 

Lys 3.12(3) 1.03(1) 0.61(1) 1.96(2) 2.84(3) 2.02(2) 1.04(1) 1.90(2) 1.96(2) 2.06(2) 

Met 1.05(1) 0.96(1) 0.89(1) 1.12(1) 1.00(1) 0.80(1) 1.09(1) 1.00(1) 1.05(1) 0.86(1) 

Nle 1.03(1) 

Orn 1.82(2) 

Phe 2.00(2) 2.00(2) 2.00(2) 2.00(2) 2.00(2) 2.00(2) 2.00(2) 2.00(2) 2.00(2) 2.00(2) 

Ser 4.16(4) 4.08(4) 3.76(4) 3.88(4) 3.72(4) 3.92(4) 4.08(4) 3.88(4) 4.08(4) 3.96(4) 

Thr 3.18(3) 3.00(3) 2.79(3) 3.03(3) 3.12(3) 2.91(3) 2.73(3) 3.33(3) 2.97(3) 2.91(3) 

Tyr 2.12(2) 1.96(2) 1.90(2) 2.08(2) 2.08(2) 1.82(2) 2.04(2) 2.00(2) 1.96(2) 2.00(2) 

Val 0.96(1) 1.06(1) 0.99(1) 1.05(1) 0.83(1) 1.01(1) 1.12(1) 0.97(1) 0.93(1) 0.97(1) 

R. Amino acid analysis was performed on a Model 420A amino acid analyzer (AB!) at the 
Biotechnology Center Facility of the University of Arizona. Hydrolyses were performed for 
48h at 110°C in 6N HCI. Trp residue was determined by UV and FAB mass spectroscopy 
(see Chapter 3). 
h. PeI;>t~des:i 
1. [~~s12, Lys17,18, Glu21]glucagon-NH2; 
2. [~~s12]glucagon-NH2; 
3. [L},s Ai:;p15]glucagon-NH2; 
4. [Mp15: Lys18]glucagon-NH2; 
5. [Lys17,LYsI8, GI'u21]glucagon-NH2· 
6. [LysI2, Alip21]glucagon-NH2 ' 
7; [Orn I7,tS, Glu21]glucagon-NH2 
8. [Nle17, LysIS, Glu21]glucagon-NH2. 
9. [Lys17]glucagon-NH2; , 
10. [Lys18]glucagon-NH2. 
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Synthesis of[~p9, Lys12]glucagon-NH2 (analogue 2) 

This compound was prepared from 2 mmole of the p-methylbenzhydrylamine resin 

as analogue 1 above except that positions 17, 18, and 21 were not substituted. The 

substitution of the resin was 0.35 mmole/g, nearly half that of analogue 1. Hence 5.7 g of the 

resin was needed to start the synthesis. During the synthesis, SerlG underwent double 

coupling, and Asn28 as well as TrylO required extra time for TFA deprotection. The 

cyclization was achieved in the same way as with compound 1. After cyclization, the next 

coupling amino acid SerB required three times the TFA deprotecting, which was similar to 

Asp9 in analogue 1. 9 g of the resin was obtained. The peptide resin was then treated with 

the low-high HF, isolated and purified. The yield of the synthesis was 3%. 

See Table 2.3 for the analytical data of the purified product. The amino acid analysis 

results are shown in Table 2.4. 

Synthesis of[Lys12, ~pI5]glucagon-NH2 (analogue 3) 

5.7 g of the p-methylbenzylamine resin (substitution 0.32 mmole/g) was used to 

carry out the 2 mmole scale synthesis. The method used for this synthesis was the same as 

that for 2, except that the position of cyclization was at 12 to 15 instead of 9 to 12. Each of 

the coupling and deprotecting steps was monitored by the ninhydrin and chroranil tests as 

usual. The cyclization took three times and a total of 18 hours to complete. The resin 

weighed 9.5 g. After cleaving from the resin, the peptide mixture was isolated and purified 

as 1 and 2. The total yield was less than 1%. The analytical data are shown in Table 2.3. 

The amino acid analysis results are listed in Table 2.4. 
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Synthesis of[~p15, Lh1S]glucagon-NH2 (analogue 4) 

The peptide was synthesized starting from 5.7 g of the p-MBHA resin with 

0.35 mmole/g substitution. The procedure was similar to the previous ones except ArgIS was 

substituted by LysIS with Fmoc protection on the side chain and the cyclization was between 

AspI5 and LysIS. The cyclization was repeated again three times and 18 hours to complete. 

A portion of the peptide resin (4 g) was treated with HF and the peptide was extracted and 

purified as previously described. After HPLC, the peptide 4 was obtained as a TFA salt. A 

total of 30 mg pure compound was obtained. The analytical data of this compound are listed 

in Table 2.3. The amino acid analysis results are listed in Table 2.4. 

Synthesis of[Lys17 LYsIS, Giu2I]glucagon-NH2 (analogue 5) 

This analogue was synthesized starting from 5.7 grn p-MHBA resin with 

0.35 mmole/g substitution. The process of the synthesis was similar to those for analogues 1 

to 4. The cyclization reaction for LysIS and Glu2I took two times, a total of 8 hours, to 

complete. After synthesis, the resin weighed 9.1 g. The standard low-high HF procedure was 

used to cleave the peptide from the resin. The same solvent system was used for HPLC 

purification. The yield of the total synthesis is 4%. The analytical data are listed in Table 

2.3. The amino acid analysis results are shown in Table 2.4. 

Synthesis of[LYs12, ~p21]glucagon-NH2 (analogue 6) 

The first attempt to synthesize this global cyclic analogue failed. Too many 

unidentified peaks appeared during the HPLC purification stage. There was no sign of 
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problems during the synthesis. The cyclization took only three treatment and a total of 18 

hours. After the completion of the synthesis, the resin was stored at room temperature for 

two days and then in a refrigerator for four more weeks before the HF cleavage. It is 

conceivable that some side reactions occurred during the long storage period. The synthesis 

was later repeated with the same method as the first time. However, because of the shortage 

of 0.35 substitution of the p-MHBA resin at that time, only 4 g instead of 5.7 g such resin 

was used to start the synthesis. Again, the cyclization took three treatment and 18 hours to 

complete. a tatal of 6.9 g resin was recovered at the end of the synthesis. The HF cleavage 

and purification procedure were the same as described above. The total yield was about 1%. 

The analytical data for this analogue are shown in Table 2.3. The amino acid analysis 

results are listed in Table 2.4. 

Synthesis of[Orn17,18, Glu21]glucagon-NH2 (analogue 7) 

In general, the procedures of synthesizing and purifying the linear analogues were 

the same as those of the cyclic ones but without the cyclization step. The monitoring and 

purification processes were also the same. The synthesis was reduced to 1 mmole scale. 

After the unmodified part of the molecule from the C-terminal was synthesized, the resin 

was split into parts for further synthisizing other analogues. 

A 2 mmole scale synthesis was started from 5.6 g p-MHBA resin with a substitution 

of 0.35 mmolelg. After coupling with Phe22, the resin was dried, weighed, and split into 

equal halves. One half was put back on the synthesizer and allowed to swell for about four 

hours. Glu21 amino acid was added first to the peptide chain. The rest of the synthesis was 

earned out as usual. Modifications at 17 and 18 with Oro residues were made. After 



55 

completing the synthesis, 5.69 g of the resin was recovered. The HF cleavage and 

purification procedure were the same as described above. The total yield was about 6%. The 

analytical data for this analogue are shown in Table 2.3. The amino acid analysis results are 

listed in Table 2.4. 

Synthesis of [Nle17, LysIS, Glu21]glucagon-NH2 (analogue 8) 

The other half of the resin with the unfinished peptide chain from the last synthesis 

was used. Since the last amino acid on that resin was Phe22, Glu21 was the first amino acid 

to be added to continue the synthesis. Substitutions of Arg17.1S with Nle17, and LysIS 

residues were made. The rest of the synthesis was carried out as usual. After HF cleavage, 

the peptide was purified. The total yield was about 7%. The analytical data for this analogue 

is shown in Table 2.3. The amino acid analysis results are listed in Table 2.4. 

Synthesis of [Lys17]glucagon-NH2 (analogue 9) 

The synthesis of this compound started with 3 mmole scaled resin, which is 8.4 g p

MHBA resin with substitution of 0.35 mmole/g. The synthesis was carried out similarly to 

the ones described above and stopped at the Phe22 residue. The resin was dried, weighed, 

and split into three equal parts. One of the portions was used to continue synthesis of the 

titled analogue. Other two parts were stored in a refrigerator for later uses. The 

modification was ArgI7 substitution for LysI7. The HF cleavage and purification procedures 

were the same as described above. The total yield of this synthesis was about 7%. The 
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analytical data for this analogue are shown in Table 2.3. The amino acid analysis results are 

listed in Table 2.4 

Synthesis of [Lys18]glucagon-NH2 (analogue 10) 

The resin used for synthesizing this analogue was from the previous synthesis. Since 

the resin contained the amino acids from Thr29 to Phe22, the first amino acid that needed to 

be added to this growing peptide chain was Asp21. With special attention to the modification 

at residue 18, the synthesis was carried out as before. A portion of the peptide resin (4 g) 

was treated with HF and the peptide was extracted and purified as previously described. 

After HF cleavage and several purification steps, nearly 60 mg of the pure analogue was 

obtained. The yield of this synthesis was about 7%. The analytical data of this analogue are 

shown in Table 2.3. The amino acid analysis results are listed in Table 2.4 

Discussion 

The purpose of synthesizing the cyclic glucagon analogues is to constrain the 

conformation of glucagon in certain desired ways. Several strategies for the orthogonal 

synthesis of cyclic lactam analogues on solid supports have been developed in our 

laboratory. Figure 2.5 illustrates the synthetic procedure using the mixed NQ-Boc/NQ-Fmoc 

strategy(Hruby et ai., 1990). However, attempts to apply this scheme to synthesize cyclic 

glucagon analogues were never successful during this investigation. 

A modified cyclization strategy proved to be very successful in synthesizing the 

cyclic glucagon analogues. Figure 2.6 illustrates the approach using the cyclic analogue 
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[Asp9, L~s12]glucagon-NH2 as an example. The cyclization was carried out by using the Na_ 

t-Boc method which was used in our laboratory for preparing cyclic lactam analogues. The 

side chain protection for the amino acids other than Asp9 and Lys12 is standard for Na_t-Boc 

chemistry. The Na-t-Boc-13-carboxyl fluorenylmethyl ester of aspartic acid was prepared as 

described above. Na-t-Boc-W-Fmoc-Lysine was purchased from Bachem (Torrance, CA). The 

peptide bond formation was mediated by DIC and HOBt. The cyclization on the resin was 

accomplished using the Bop reagent (Castro et ai., 1975). The cyclization process took 6 to 

18 hours with or without several repetitions. The overall yield for the product was relatively 

low, but comparable to the linear compounds. 

Another modification made to the conventional peptide synthesis was to adapt the 

newly developed low-high HF cleavage procedure in glucagon analogue synthesis. One of 

the advantages of the low-high HF is that, at the high HF stage on one hand, only side 

chain protecting groups are cleaved so that the mixture can be easily washed out before the 

peptide is cleaved from the resin. During the low HF stage, on the other hand, the side 

products caused by carbonuim ions are minimized. Furthermore, the formyl protecting 

group of tryptophan can be deprotected during the low HF procedure. However, further 

improvement of the procedure is called for since some degree of incomplete deprotection of 

the Trp formyl group was later detected by the newly developed FAB mass spectrometry. 

During the purification process, glucagon analogues could pose more problems than 

many other peptides would. For example, premature chain terminations, side reactions 

among the side chain groups, and incomplete coupling or cyclization are just a few. These 

problems are mainly due to the complexity of the twenty-nine amino acid sequence itself. 

Therefore, to find an effective and convenient purification scheme became very important. 

During this investigation, we have found that dialysis was the most convenient and effective 
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way to remove most of the low molecular weight peptide fragments and some small organic 

molecules generated during glucagon analogue synthesis and HF cleavage. The semi

purified product after dialysis was safe to be stored for long period of time and eligible for 

direct application to HPLC purification. In some cases, gel flltration could be used as an 

alternative to dialysis. However, no significant improvement was found. Using gel flltration 

after dialysis showed no significant improvement in terms of the purity either. 

The most important step to obtain a pure peptide product is using RP-HPLC. The 

stationary phase of RP-HPLC column consists of a long alkyl chain (C4-CI8) bonded to 

porous silica. The mobile phase consists of varying proportions of a pH-controlled aqueous 

buffer and an organic modifier. For purifying glucagon analogues, it was found that a C4 

column showed better separation than a CI8 column, which has been often used for 

separating most peptides. For either an isocratic or a linear gradient, a mobile phase of 

varying concentrations of acetonitrile (CH3CN) in 0.1% trifluoroacetic acid (TFA) with a flow 

rate of 3 mllmin. was used. 

Summary 

Ten glucagon analogues have been synthesized in this investigation. Six of them are 

conformationally constrained cyclic analogues, having constraints in the middle portion of 

the molecule. The rest four analogues are linear analogues, modified from the know 

superagonist analogue [LysI7.I8, Glu21]glucagon. The syntheses were carried out using solid 

phase synthesis. The cyclic compounds were synthesized using a modified cyclization 

stratagy developed in this investigation, which combines Boc chemistry and the side chain 

Fmoc stratagies. A global cyclic analogue with a cyclization involving ten amino acid 
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residues was first synthesized. All the syntheses had consistent and satisfactory yields. The 

low-high HF cleavage procedure was adopted to cleave peptide from the resin and, at the 

same time, to deprotect all the side chain protecting groups including the Formyl protecting 

groups on Trp side chains. The purification scheme consisted of the gel ftltration, dialysis, 

and HPLC. The dialysis proved to be a necessary as well as sufficient step for longer storage 

period. 
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Chapter 3 

CHARACTERIZATION OF GLUCAGON ANALOGUES USING FAST 
ATOM BOMB .. lliDMENT MASS SPECTROMETRY 

Introduction 

Glucagon, which has a molecular weight of over 3000 and a variety of multiple 

amino acids, is difficult to be characterized. There are several analytical methods currently 

available that can determine peptide structures. All of them, however, are limited in some 

way. For example, during this investigation, the impurities of the synthetic glucagon 

analogues were first checked by HPLC. Both C4 and CIS columns were used with 214 nm 

and 280 nm wavelength detection under various combinations of elution conditions. The 

unified sharp peaks under each condition would indicate a pure compound. However, due to 

the sensitivity limitation of the HPLC instrumentation, this was not usually the case. HPLC 

separation is based on the differences of lipophilicities of fragments. When a molecule under 

study is as large as glucagon, current column systems can not sufficiently separate glucagon 

analogues with minor modifications on single amino acid or side chain protecting group. 

Following the HPLC analysis, the purity of each analogue was further tested by TLC in 

different solvent systems (see Chapter 2 for details). A single unified spot indicated a pure 

analogue. Again, this method was not sensitive enough to detect some minor impurities in a 

compound. Amino acid analysis, another characterization step, can only provide 

approximate ratios of individual amino acids within the primary structures of the 

analogues. The errors in the ratios are normally within 10% but can be 20% or even higher 

for some amino acids because they might be partially or completely destroyed under the 

commonly used operating conditions (personal communication with Clark Wallace). 
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There have been several peptide mapping methods developed for characterization of 

glucagon analogues. One of them was using the enzyme chymotrypsin (Gysin et al., 1986). 

After the enzymatic cleavage, 7 fragments from a glucagon digest were separated by HPLC. 

Then each fragment had to be collected and injected into a mass spectrometer individually. 

This method is not only complex and time-consuming but also gives poor reproducibility. 

Another attempt was to use the tryptic digestion of glucagon (Clench et al., 1985). This 

enzyme led to the formation of four peptide fragments: 1-12 at rnIz 1357.4; 13-17 at rnIz 

652.7; 18-19 at rnIz 156.2, and 19-29 at rnIz 1352.5. However, the fragment 1-12 at rnIz 

1357.4 was not observed on the fast atom bombardment (FAB) map of this trypsin digest of 

glucagon. The absence of this signal in the F AB spectrum of the mixture was ascribed to its 

suppression by other fragments due to their different hydrophilicities. Beside the problem of 

missing fragments, another disadvantage of using this enzyme system is its inability to 
, i 

differentiate the cyclic glucagon analogue isomers. For instance, [Asp9, Lys12]glucagon-NH2 

(2) and [L;s12, ~p15]glucagon-NH2 (3) synthesized in this investigation would give the 

same fragmentations upon enzymatic cleavage using trypsin. Therefore, this method is not 

suitable for our purpose. 

The need for a simple and quick method for verifying the structures of synthetic 

glucagon analogues led us to develop a new method. It is based on FAB-mapping of 

endoproteinase Asp-N digests (Mollova et al., 1992). The primary results have shown that 

this technique is able to make immediate, yet unequivocal confirmation of the presence of 

the cyclization, the site of a ring, as well as the sequence of a modified glucagon analogue. 

The specificity of the enzyme enables the differentiation of analogue isomers which differ 

only in the position of the cyclic amide bridges. 
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Experimental Procedure 

Glucagon was purchased from Sigma Chemical Co. (St. Louis, MO). The glucagon 

analogues were synthesized using the solid phase synthesis methods described in chapter 2. 

The endoproteinase Asp-N (sequencing grade) was obtained from Boehringer Mannheim 

Biochemical (Indianapolis, IN). 

A sample of 0.2 mg of glucagon or glucagon analogue was dissolved in 250 ~ of 1M 

NH4HC03 (pH 8.1). Then 2 J.Lg of endoproteinase Asp-N was added to this solution, giving 

an enzyme/substrate ratio of 1:100 (w/w). The mixture was incubated at 37°C for 30 hours 

and then lyophilized. 

The lyophilized mixture was analyzed by the F AB mass spectrometry on a double 

focusing (BE) mass spectrometer designed and built by AMD Intectra (Harpstedt, Germany) 

(McClure, 1991). The data acquisition and instrument control were accomplished using two 

SAM 68K computers (KWS computer systems GmbH, Ettlingen, Germany) and software 

developed by AMD Intectra. The ionization involved the use of 2.0 rnA primary beam of Cs+ 

ions accelerated to 7.0 kV. The samples were placed on the target of the inlet probe and the 

target temperature was set to 12°C using chilled methanol/water 1:1 v/v. The mass range 

100-2500 was scanned at 60 sec/decade with a resolution of 2000 (10% vaHey definition). The 

digest mixtures were dissolved in 20 III 10% CF 3COOH. 1 III of this solution was mixed with 

1 J.1l of glycerol on the target. The mass spectra presented here are the results of five 

accumulated scans. The molecular weights of the glucagon analogues were measured by 

scanning the magnet from m/z 3000 - m/z 4000 at 60 sec/decade at a resolution 2000. The 

mass values in this dissertation are of mono-isotopic mass except where noted. Spectra are 

not subtracted. 
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Characterization of synthetic glucagon analogues using FAB mass spectrometry 

of endoproteinase Asp-N digests 

The endoproteinase Asp-N used for the enzynmatic hydrolysis cleaves the glucagon 

and its analogues at the N-terminal side of the aspartic acid and cysteic acid residues 

(Drapeau, 1980). The calculated molecular weights of all fragments of the glucagon and the 

synthetic analogues generated by Asp-N digestion in this investigation are listed in 

Table 3.1. For glucagon, for example, four peptide fragments of the Asp-N digests were 

observed in the FAB spectrum. They are fragment 1-8 at mJz 864.4, 9-14 at mJz 788.5, 15-20 

at mJz 732.4, and 21-29 at mJz 1153.7 as shown in Figure 3.1. The peaks for all of the 

hydrophilic peptide fragments were observed with no evidence of the signal suppression due 

to the hydrophilic properties as indicated by Clench et ai. (1985). The successful FAB 
I 

mapping of thEI Asp-N digest of glucagon suggests that the technique can be used more 

generally as an ianalytical method for fast structural analysis of glucagon analogues. 

The application of this method to other synthetic glucagon analogues was quite 

satisfactory. The results of characterization of these analogues are listed in Table 3.2. The 

following are s )me illustrations of the application of this method in glucagon analogue 

analysis. I 

Glucagon analogue [Lys18]glucagon-NH2 (10) has a Lys residue substituting for Arg 

in position 18 and a carboxy terminal amide instead of the carboxylate found in glucagon. 

The replacement of Arg by Lys at position 18 should be reflected in the molecular weight of 

15-20 fragment. The molecular weight of Lys is 28 mass units lower than Arg. As shown in 

Table 3.1, the 15-20 fragment has an MH+ ion at mJz 704.1, which is of 28 mass units less 

than the mJz 732.4 for glucagon. Fragment 21-29 gave a peak at mJz 1152.8, instead of at 
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Table 3.1 Predicted fragments of glucagon and its analogues after endoproteinase Asp-N 
digestion. 

PeEtides Fra!Q!!ents MW 
Glucagon 1-8 H-His-Ser-Gln-Gly-Thr-Phe-Thr-Ser-OH 864.4 

9-14 H-Asp-Tyr-Ser-Lys-Tyr-Leu-OH 788.8 
15-20 H-Asp-Ser-Arg-Arg-Ala-Gln-OH 732.3 
21-29 H-AsE-Phe-Val-Gln-Tro-Leu-Met-Asn-Thr-OH 1153.5 

[AAp9, Lys12, Lys17.18, 1-14 H-His-Ser-Gln-Gly-Thr-Phe-Thr-Ser-Mp-Tyr-Ser- 1616.7 
Glu21 )glucagon-NH2 LYs--Tyr-Leu-OH 

15-29 H-Asp-Ser-Lys-Lys-Ala-Gln-Glu-Phe-Val-Gln-Trp- 1825.1 

[AiJp9, Lys12)glucagon-NH2 
Leu--Met-Asn-Thr-NH2 

1-14 H-His-Ser-Gln-Gly-Thr-Phe-Thr-Ser-Mp-Tyr-Ser- 1616.7 
LYs--Tyr-Leu-OH 

15-20 H-Asp-Ser-Arg-Arg-Ala-Gln-OH 732.3 
21-29 H-AsE-Phe-Val-Gln-Tro-Leu-Met-Asn-Thr-NH2 1152.5 

[Lys12, Mp15)glucagon-NH2 1-8 H-His-Ser-Gln-Gly-Thr-Phe-Thr-Ser-OH 864.4 
9-20 H-Asp-Tyr-Ser-Lys-Tyr-Leu-AiJp-Ser-Arg- 1484.6 

Arg-Ala-Gln-OH 
21-29 H-AsE-Phe-Val-Gln-Tro-Leu-Met-Asn-Thr-NH2 1152.5 

[i\Jp15, Ly~18]glucagon-NH2 1-8 H-His-Ser-Gln-Gly-Thr-Phe-Thr-Ser-OH 864.4 
9-20 H -Asp-Tyr-Ser-Lys-Tyr-Leu-AiJp-Ser-Arg- 1456.6 

LYs-Ala-Gln-OH 
21-29 H-AsE-Phe-Val-Gln-Tro-Leu-Met-Asn-Thr-NH2 1152.5 

[Lys17, LysI8, Glh21) 1-8 H-His-Ser-Gln-Gly-Thr-Phe-Thr-Ser-OH 864.4 
glucagon-NH2 9-14 H -Asp-Tyr-Ser-L~s-Tyr-Leu-0I;I 788.4 

15-29 H-Asp-Ser-Lys-Lys-Ala-Gln-Glu-Phe-Val-Gln-Trp- 1807.0 
-Leu-Met-Asn-Thr-NH2 

[Lys 12, As~21 ]glucagon-NH2 1-8 H-His-Ser-Gln-Gly-Thr-Phe-Thr-Ser-OH 864.4 
9-29 H-Asp-Tyr-Ser-Lys-Tyr-Leu-Asp-Ser-Arg-Arg-Ala- 2618.9 

-Gln-Mp-Phe-Val-Gln-Trp-Leu-Met-Asn-Thr-NH2 (I) 
9-29 H-Asp-Tyr-Ser-Cys-Tyr-Leu-OH H2N-Asp-Ser-Arg- 2636.9 

Arg-Ala-Gln-Mp-Phe-Val-Gln-Trp-Leu-Met-
Asn-Thr-NHZ (II) 

[Orn17• 18, Glu21)glucagon- 1-8 H-His-Ser-Gln-Gly-Thr-Phe-Thr-Ser-OH 864.4 
NH2 9-14 H-Asp-Tyr-Ser-Lys-Tyr-Leu-OH 788.4 

15-29 H-Asp-Ser-Orn-Orn-Ala-Gln-Glu-Phe-Val-Gln-Trp- 1809.1 
-Leu-Met-Asn-Thr-NH2 

[Nle17, Lys18, Glu21) 1-8 H -His-Ser-Gln -Gly-Thr-Phe-Thr-Ser-OH 864.4 
glucagon-NH2 9-14 H -Asp-Tyr-Ser-Lys-Tyr-Leu -OH 788.4 

15-29 H-Asp-Ser-Nle-Lys-Ala-Gln-Glu-Phe-Val-Gln-Trp- 1810.0 
-Leu-Met-Asn-Thr-NH2 

[Lys17]glucagon-NH2 1-8 H-His-Ser-Gln-Gly-Thr-Phe-Thr-Ser-OH 864.4 
9-14 H-Asp-Tyr-Ser-Lys-Tyr-Leu-OH 788.4 

15-20 H-Asp-Ser-Lys-Arg-Ala-Gln-OH 704.4 
21-29 H-AsE-Phe-Val-Gln-Tro-Leu-Met-Asn-Thr-NH2 ] ]525 

[Lys18)glucagon-NH2 1-8 H-His-Ser-Gln-Gly-Thr-Phe-Thr-Ser-OH 864.4 
9-14 H-Asp-Tyr-Ser-Lys-Tyr-Leu-OH 788.4 

15-20 H-Asp-Ser-Arg-Lys-Ala-Gln-OH 704.4 
21-29 H-Ase-Phe-Val-Gln-!!:E-Leu-Met-Asn-Thr-NHZ ]] 52 fi 
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Table 3.2 FAB Mass Spectra Dataa of glucagon analogues using endoproteinase Asp-N digestion 

Peptideb FAB-MSfM+1]+ Frali!!1entC 1 Frali!!1ent 2 Frali!!1ent 3 Frali!!1ent4 

Calcd. Found Calcd. Found Calcd. Found Calcd. Found Calcd. Found 

glucagon 3483.8 3483.5 864.4 864.4 788.4 788.5 732.3 732.4 1153.5 1153.7 

1 3422.8 3422.6 1616.7 1616.2 1825.1 1825.5 

2 3464.8 3465.2 1616.7 1616.7 732.3 732.4 1152.5 1152.6 

3 3464.8 3464.2 864.4 864.2 1484.6 1484.6 1152.5 1152.8 

4 3436.8 3436.8 864.4 864.3 1456.6 1456.8 1152.5 1152.8 

5 3422.8 3422.4 864.4 864.2 788.4 788.2 1807.0 1807.0 

6 3464.8 3464.6 864.4 864.3 2618.9 2618.4 

7 3413.8 3413.9 864.4 864.3 788.4 788.2 1797.0 1799.0 

8 3425.8 3425.5 864.4 864.3 788.4 788.2 1810.0 1809.6 

9 3454.7 3454.8 864.4 864.3 788.4 788.4 704.4 704.1 1152.5 1152.0 

10 3454.7 3454.5 864.4 864.3 788.4 788.2 704.4 704.1 1152.5 1152.8 
a The mass spectra were carried out by FAB mass spectrometry on a double focusing (BE) 

spectrometer designed and built by AMD Intectra (Harpstedt, Germany). The data acquisition 
and instrument control were accomplished using two SAM 68K computers (KWS computer 

b 
systems GmbH, Ettlingen, Germany) and softwares developed by AMD Intectra. 
Peptides: 
1. [~p9 ,LyJ12, Lys17,18, Glu21]glucagon-NH2; 
2. [~,Pri LY~,12]glucagon-NH2; 
3. [L~~I5]glucagon-NH2; 
4. [ASp , Ly,sI8Jglu.cagon-NH2; 
5. [Lrs17, L~sI8, Glu21]glucagon-NH2; 
6. [Lys12, ASp21 ]glucagon-NH2; 
7. [Orn17,I8, Glu2I]-NH2; 
8. fNle I7, LysI8, Glu21]glucagon-NH2; 
9. [Lys17]-NH2; 
10. [Lys18]-NH2 

c The sequence of the fregments are systemativcally listed in table 3.1. 
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m/z 1153.7, reflecting the presence of the C-terminal amide group. The other fragments 1-8 

(m/z 864.3) and 9-14 (m/z 788.3) were unchanged respective to the glucagon digest. 

Therefore, the sequence of this glucagon analogue with the modification involving two 

different sites in the glucagon primary structure was confirmed by the FAB mass 

spectrum/Asp-N mapping procedure. 

Another example is analogue [Nle17, LysIS, Glu21]glucagon-NH2 (8). In this amide 

glucagon analogue, Arg at position 17 is replaced by Nle, Arg at 18 replaced by Lys, and Asp 

at 21 replaced by Glu. Since the enzyme can not cleave the N-terminal of Glu21, the 15-29 

fragment will remain to be single fragment. After counting all of the modifications involved 

in this fragment, the molecular weight of this fragment was calculated to be 1810.0 mass 

units. The same fragments 1-8 and 9-14 as in glucagon should be seen. The result of the 

FAB mass spectrum of the Asp-digest mixture obtained using glycerol as the matrix is 

shown in Table 3.1. As expected, the 1-8 and 9-14 fragments in the digests are evident by 

the appearance ofMH+ ions at m/z 864.3 and 788.2, respectively. They are unmodified. The 

peak at m/z 1809.6, representing the fragment 15-29 MH+ ion, confirms the presence of the 

correct modifications in the 15-29 region of the molecule. The lack of the fragment signals 

for 15-20 and 21-29 gives a clear indication that the enzyme endoproteinase Asp-N has 

preferred cleavage at Asp over Glu. 

Analyzing the results of the cyclic glucagon analogues is more interesting. Analogue 

[~p9, Ly's12]glucagon-NH2 (2) differs from its native glucagon by the presence of an 

additional cyclic lactam bridge between Asp9 and Lys12. It also has a carboxy terminal 

amide instead of carboxylate. The FAB mass spectrum of the crude digest mixture of this 

compound showed two peaks at m/z 732.4 and 1152.6 attributed to the MH+ ions of 

fragments 15-20 and 21-29, respectively (Figure 3.2). The peaks due to the fragments 1-8 
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and 9-14 at mlz 864.4 and 788.5, found in glucagon, were not detected in the FAB spectrum. 

Instead, a peak showed up at rnJz 1616.7, which is 18 mass units less than the molecular 

weight of the intact glucagon fragment 1-14. It corresponds the presence of a cyclic amide 

bond in the analogue fragment. Based on the synthesized cyclic structure of the analogue, 

the observation of an intact 1-14 fragment suggests that the enzyme Asp-N can not cleave 

the N-terminal of the aspartic residue when its side chain p-carboxy group is cyclized. 

Accepting this fact, one can in turn confirm the cyclization feature of a cyclized molecule. 

Therefore, our experiment has demonstrated the ability of the Asp-N digestIFAB-mapping 

method to verify the presence and the location of a cyclic bond in glucagon analogues. 

Analogue [L~s12, A~p15]glucagon-NH2 (3) is an isomer of analogue [A1p9, 

--, 
Lys12]glucagon-NH2 (2). As discussed above, the enzyme Asp-N is not expected to cleave the 

N-terminal of Asp15. But the cleavage at Asp9 and Asp21 should occur. Thus, the presence of 

the intact fragment 9-20 with molecular weight 1484.6 in the digest mixture of this 

analogue would confirm the presence of the cyclic bond and its location between Lys12 and 

Asp15. The FAB spectrum of the Asp-N digest of this analogue showed MH+ signals at rnJz 

864.2, 1152.8, and 1484.6, which correspond to the three expected peptide fragments: 1-8, 

21-29 and 9-20 (Figure 3.3). So this method is able to differentiate unambiguously the two 

isomers of cyclic analogues of glucagon which differ only by the position of the cyclic bond. 

Such a subtle difference in structure would be difficult, if not impossible, to discern by other 

analytical techniques mentioned earlier. 

Besides the ability to analyze the primary structure of a peptide, the peptide 

mapping technique developed in this investigation also has the potential to recognize the 

secondary structural features of a peptide molecule. For example, one would expect [Lh12, 
-, 
Asp21]glucagon-NH2 (6) to have two fragments: 1-8 and 9-29 (Table 3.1). The Asp15 is 
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actually not directly involved in the cyclization to mutate its side chain group. Therefore, it 

was expected that the enzyme could cleave the peptide chain at this position leading to the 

fragment 9-29 (I) with mlz of 2636.9. Unexpectedly however, the FAB mass spectrum gave 

only the signal at mlz 2618.4, which is 18 mass units less than the expected fragment peak 

(Figure 3.4). The only possible explanation is that the enzyme did not make the cleavage at 

the Asp15 position and left the 9-29 (ll) with the cyclic amide bridge intact (Table 3.1). The 

other fragment 1-8 with mlz at 864.3 was found as expected. 

In order to explain why the enzyme did not function as expected at Asp15, the 

mechanism of the endoproteinase enzyme has to be considered. To recognize the target 

amino acid residue, the enzyme has to bind to the peptide chain and make the cleavage at 

the right position. However, when the peptide chain is cyclized, the enzyme may not be able 

to recognize the target amino acid and perform the cleavage at that residue. On the other 

hand, if the cyclization is big enough or if the conformation of the peptide allows its 

backbone away from its amide bridge, the enzyme should react normally at the target 

residue, even when it is within a cyclic structure. In our case, the results suggest that the 

cyclic moiety is rather rigid and compact in structure, instead of flexible. 

Last but not least, we should mention that the FAB mass spectrometry can be used 

as a more sensitive analytical method to detect trace amounts of impurities with minor 

molecular modifications to the synthetic peptide analogues. As an example, the FAB mass 

spectrum of [Nle17, LysIS, Glu21]glucagon-NH2 (8) showed an additional weak peak at mlz 

3453.0 (Figure 3.5). Compared with the main molecular weight peak, this peak is 28 mass 

units heavier than expected. The appearance of this peak might arise from the existence of 

an impurity as an analogue with a formyl protected Trp side chain group. The difference in 

molecular weight between the glucagon analogue and the impurity is small, and so 
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are the corresponding physical and chemical properties. Therefore it would be very difficult 

for other techniques used in glucagon analysis before to detect such an impurity. In fact, as 

indicated earlier, HPLC gave a single sharp peak, indicating a pure compound, so did the 

amino acid analysis. Neither of them could detect the small amount of Nin-For-Trp residue 

in the peptide. FAB mass spectrometry provides a more sensitive way to monitor impurities 

in synthetic glucagon analogues than any other methods used before. 

One direct application of the discussion above is to improve the strategies for 

synthesizing glucagon analogues. As mentioned in Chapter 2, the Trp formyl group is not 

readily removable by the traditional HF cleavage procedure. There are two ways to solve 

this problem. One is by applying an additional deprotection step using 1M piperidine in 

DMF at 0 °c for 2 hours. The other is to use the low-high HF cleavage method. The change 

of the mechanism of the low-high HF cleavage procedure makes it possible to deprotect the 

Trp side chain formyl group during the same process that cleaves the peptide from the 

resin. During this investigation, the low-high HF cleavage method was adopted as the 

primary procedure. Although the evidence of the unprotected Trp side chain formyl group 

was found only in the mass spectra of two analogues synthesized during this investigation, 

it is sufficient to require the re-evaluation of the efficiency of the synthesis procedure. An 

obvious suggestion is to combine the separated deprotection procedures with the low-high 

HF procedure to get a clean deprotection of the Trp side chain protecting group. 

It should be pointed out that unprotected Trp formyl groups in the fragments of the 

endoproteinase Asp-N digest may not be detected by the mass spectroscopy. For the same 

analogue [NleI7. LysIS, Glu2I]glucagon-NH2 (8), there was no signal observed near 1838.0 

which is 28 mass units above the m/z 1810.0 of the 15-29 fragment. The plausible 

explanation is that, during the 30 hours enzyme digestion at pH 8.2, small amounts of the 
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undeprotected Trp fomyl groups were taken off. It is more likely due to the mild basic 

conditions than to the enzyme. 

Conclusion 

The endoproteinase Asp-N FAB-mapping technique developed in this investigation 

can provide a quick way to unambiguously confirm the primary structure of both the linear 

and the cyclic glucagon analogues. This technique has proven powerful in confirming the 

presence and the location of cyclic amide bonds in cyclic analogues. It can also differentiate 

the isomers differing only in the position of the cyclization. Furthermore, it can be used to 

identify the impurities in a synthetic glucagon analogue and to evaluate certain secondary 

structure features. 
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Chapter 4 

BIOLOGICAL ASPECTS OF GLUCAGON ANALOGUES 

Introduction 

Glucagon is best known for its key role in maintaining glucose homeostasis in 

animals. The main target of glucagon action is the liver, where it stimulates the processes of 

glycogenolysis and gluconeogenesis. These events are mediated by a cAMP-dependent 

mechanism in which binding of the hormone to its membrane-bound receptor activates the 

enzyme adenylate cyclase, initiating the production of cAMP. The increase in the 

concentration of cAMP results in the activations of glycogenolytic and gluconeogenic 

enzymes and, consequently, a rise in the glucose output by the liver. There are also 

evidences that glucagon stimulates glycogenolysis through other cAMP-independent 

pathways, e. g., by inhibiting a Ca2 + pump or through a phosphatidylinositol mediated 

pathway <Wakelam et al., 1986). 

The precise nature of the interaction between glucagon and its hepatic receptor and 

the exact mechanism(s) of glycogenolysis and gluconeogenesis remain unclear. The 

structure-activity and conformational studies of glucagon and its analogues can provide 

useful information to determine those properties of the molecule that are important for 

receptor recognition and those that are necessary for transduction of the biological response. 

The ability of transducing biological signals of a peptide hormone is usually 

measured by the dose-response curve from its enzyme activities (Figure 4.1). The potency of 

the peptide is designated by its EC50 value, which is the concentration required for reaching 

50% of its maximum activity. An analogue with a lower EC50 value than its native hormone 
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and with the 100% maximum bioactivity response is called a superagonist. An analogue 

with 100% maximum stimulation but a higher EC60 than its native peptide is a full agonist. 

A full agonist is less potent than its native hormone. An analogue which can only reach less 

than 100% maximum stimulation is called a partial agonist. An antagonist is an analogue 

that can bind to receptors but can not induce any bio-response. 

In general, both receptor binding assays and biological activity assays are very 

useful in determining the structure-activity relationship. Several binding assays and 

biological activity assays of glucagon were done before. The majority of the structure

function studies of glucagon have made use of the purified liver plasma membrane 

adenyl ate cyclase system of Pohl et al. (1972) in assaying binding affinity and biological 

activity of various glucagon analogues. It is a cell-free system. Although the biological 

activity of such a system is valuable in determining the ability of an analogue to activate 

adenylate cyclase, it can not be used to measure the overall cellular events stimulated by 

glucagon such as the glucose production in hepatocytes and lipolysis in fat cells. Therefore, 

additional physiological assay systems using intact cells, organ slices, organ perfusions, and 

whole animals are also very important for elucidating the structure-function relationships. 

On the other hand, many other systems have been set up for measuring different secondary 

messengers in order to study the mechanism of the glucagon function on target cells. The 

most commonly used ones are the cAMP monitoring system to evaluate the cAMP cascade 

mechanism (Grady et al., 1987), Ca2+ measurement (Altin and Bygrave, 1987), as well as 

IP3, IP4, and DAG assays (Exton, 1988). In our investigation, only the liver plasma 

membrane system and the adenylate cyclase assay system have been used to study the 

receptor binding and biological activity of the glucagon analogues. Further investigations 
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using other systems for these analogues would be helpful and should be done in the near 

future. 

Experimental procedures 

Sample preparation 

The glucagon used in this investigation was purchased from Sigma (St. Louis, MO) 

without any further purification. The glucagon analogues were synthesized and purified as 

previously described. The glucagon and its analogues were initially dissolved in 10% acetic 

acid to the concentration of 100 J.LM. The concentrations were determined using the 278 nm 

molar absorptivity (Gratzer et ai., 1967). The measured molar absorptivities are tabulated in 

Table 2.3. 200 J.1.l of this solution was transferred to several tubes and lyophilized. The 

desired concentration for adenylate cyclase and receptor binding assays can be achieved by 

combining or diluting the sample in each tube with 25 mM Tris-HCl, pH 7.5 at 25°C, 

containing 1% BSA 

Isolation of liver plasma membranes 

Six rat livers were isolated from male Sprague-Dawley rats weighing 175 to 200 g 

according to the method of Nevill (1968) with the modifications described by Pohl et ai. 

(1971). The isolated livers were homogenized and fIltered at 4 °c to remove large organelles. 

The membranes were then further purified by centrifugation at 1500 g, followed by 

ultracentrifugation with 42.3% / 69% w/w sucrose gradient at 100,000 g for 2 hours and 15 

minutes. The final membrane pellets were suspended in 10 ml of 25 mM Tris-HCI buffer, 
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pH 7.5 at 25 DC. The aliquots containing approximately 1-2 mg of the protein, determined by 

a modified method for membrane proteins (Markwell et ai., 1978), were stored in liquid 

nitrogen temperature for use within three months. 

Preparation of radioiodinated glucagon 

The glucagon was radio-iodinated with Na 1251 in the presence of chloramine T by a 

reported method (Rodbell et ai., 1971). To 3 nM of glucagon (20 J.1.l of a 0.15 mM solution in 

2 mM Na2COa) and 2.17 mCi of Na 1251 (1 nM, 20 J.1.l) in phosphate buffer (20 IJ.l of a 0.6 M, 

pH 7.2), 1.5 nM of chloramine T (28 mg /100 m}) was added three times at 30 second time 

intervals. The reaction was terminated with 20 IJ.l of Na2S206 (0.5%) and 20 IJ.l of Trizma 

base (0.5 M). 1 ml of elution buffer (0.08 M Tris, 0.02 M HCl, 0.08 M NaCl, and 1% BSA) 

was then added to increase the volume. The 125I-glucagon was purified as described by 

Jorgensen and Larsen (1972) on a QAE-sephadex A-25 column, previously washed with the 

elution buffer, pH 8.6. Fractions of 2 ml each were collected and assessed for radioactivity. 

The counts of the radioactivity were plotted vs. the fraction number. The fractions under the 

resulting peaks were collected. 

Receptor binding assay 

The binding of glucagon and the analogues to liver plasma membranes was assayed 

using a method similar to that of Lin et ai. (1975). The incubation medium had a final 

volume of 500 IJ.l consisting of the liver plasma membrane (50 mg of protein), 125,000 cpm of 

the 125I-glucagon, and the unlabeled glucagon or the glucagon analogues at concentrations 
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range from 0 to 100 J,J.M, all in 25 roM Tris-HCI, pH 7.5 at 25°C, containing 1% BSA. The 

mixture was incubated for 10 minutes at 30°C, followed by immediate cooling in an ice 

bath, and then fIltered in a Millipore (Bedford, MA) fIltration apparatus with 45 m~ oxoid 

fIlters previously soaked in Tris-BSA buffer for 12 hours. The fIlters were washed four times 

with 1 ml of the ice-cold 25 mM Tris-HCI buffer, pH 7.5, and transferred to a test tube. The 

remaining radioactivity of the receptor-hormone complex bound to the fIlter was then 

counted using a LKB 1275 minigamma counter. The non-specific binding, measured in the 

presence of the excess unlabeled peptide, was typically 15-20% of the total binding. It was 

subtracted from the total to give specific binding. The results were expressed as the 

percentage inhibition of 125I-glucagon specific binding. The triplicate measurements were 

made in all binding assays and each experiment was carried out at least twice. 

Adenylate cyclase assay 

The adenyl ate cyclase activity was determined by the procedure of Lin et al. (1975). 

The standard incubation medium contains the following (including the glucagon and the 

glucagon analogue samples) in a final volume of 0.1 ml: 1 mM [a-32P1ATP (40-

100 cpm/pmole ATP); 5 mM MgC12; 1 mM cAMP; 10 J,J.M GTP; 1 mM EDTA; 30 ~ liver 

plasma membrane; and an ATP regenerating system consisting of 20 mM creatine 

phosphate and 0.72 mglml (100 units/ml) creatine phosphokinase. The mixture was 

incubated for 10 minutes. The termination of the reaction proceeded via the addition of 

100 ~ stopping solution that consisted of 0.01 Ci / 100 ml [3fficAMP, 2% sodium dodecyl 

sulfate, 5 mM 5'-ATP, and 2 mM cAMP in a boiling water bath. The labeled cAMP was then 

purified with Dowex 50 and alumina chromatography as described by Salomon, et al. (1976). 

The radioactivity was measured with a liquid scintillation counter and the results were 
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expressed as the percentage stimulation of cAMP production above basal. The triplicate 

determinations of all the data point were obtained for various peptide concentrations, and 

all the experiments were repeated at least twice. 

Results and Discussion 

Bioactivity of the cyclic glucagon analogues 

A total of six conformationally constrained glucagon analogues were synthesized in 

this investigation. The first compound [~p9, Lis12, Lys17,18, Glu21]glucagon-NH2 (1) is a C

terminal amide form of the analogue [~p9, Lis12, Lys17,18, Glu21]glucagon which was first 

made by Gysin in our laboratory. The analogue [~p9, Ly~12, Lys17,18, Glu21]glucagon 

showed a very interesting biphasic binding pattern. The hypothesis was that there might be 

two receptor binding sites in the glucagon receptor. The cyclization of the "sensitive" region 

of 9-12 was the cause of the biphasic binding of this analogue (Trivedi et aZ., 1990). The 

analogue [Asp9, Lys12, Lys17,18, Glu21]glucagon-NH2 (1) is designed to further study this 

hypothesis. 

Since the effects of the structural features of glucagon on its biological activity are 

the main interest in this investigation, four other cyclic glucagon analogues were 

synthesized. They are [~p9, Ly~12]glucagon-NH2 (2) [L~s12, ~p15]glucagon-NH2 (3), , 
Iii' 

[AspI6, LysI8]glucagon-NH2 (4), and [LysI7, Lys l8, Glu2l]glucagon-NH2 (5). These four cyclic 

analogues have constraints at different parts of the molecule ranging from residues 9 to 21. 

The cyclizations were systematically placed every four residue for each peptide respectively. 

Based on the results of the preliminary computer modeling study, an analogue with a global 

I I 
cycle [Lys12, Asp2I]glucagon-NH2 (6) was also synthesized. The cyclization spans across the 
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entire middle portion of the molecule. Although the roles of the C-terminal and the N

terminal in the biological activity have been well established, the functions of the middle 

portion of the molecule have never been well understood. There were speculations that the 

middle portion of the molecule provides the functional groups for direct binding with the 

receptor or it interacts in a special way with the receptor so the N-terminal as the signal 

transduction portion could interact and activate the receptor (Krstenansky et al., 1986). It 

was our hope that t~~ bioactivity studies on these conformationally constrained cyclic 

glucagon analogues can provide more details about the functions of this middle region. 

The receptor binding assays of the cyclic glucagon analogues were proceeded as 

described ahove. The results of the binding study in terms of binding potency and 1C50 value 

are shown in Table 4.1. Figure 4.2 gives the collection of the experimental data. Compared 

to glucagon, all of the cyclic analogues lost potency to some degree. The cyclizations could 

induce several factors to cause the decrease in the binding potencies. First of all, the 

conformational constraints could alter the regional conformations that are directly involved 

in receptor recognition. Secondly, the alternations of the conformation in a small region, 

which may not be directly involved in receptor recognition, could cause an overall 

conformational change in the regions directly involved in receptor recognition. Furthermore, 

since the charged groups in each analogue are involved in direct receptor recognition, the 

loss of the two charged groups from each cyclization could cause decreased receptor binding 

ability. Finally, the charged groups lost in the cyclization are important in stabilizing the 

conformation of the molecule. Since we do not have a well-defined model for receptor 

binding, all the hypotheses above and probably others are possible. 
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Table 4.1. Bioassay data of glucagon analogues. 

Compound Receptor binding Adenylatc cyclnse 

maximum 

ICr,o(nM) Potcncy(%) ECr,o(nM) Potcncy(%) stiInulation 

~%~ 
Glucagon 1.5 100 5.0 100 100 

(1.1-2.1) (3.2-7.9) 

r-:::--I 
1 [Asp9, Lya12, Lya17,18, Glu211glucagon.NH2 2.5 60 up to50f1M -

251 0.6 

(235-269) 

r-::--"' 
2 [Asp9, Lyal2lglucagon.NH2 128 1.2 up to20f1M -

(100-164) 

~ 
3 [Lya12, Asp151glucagon-NH2 2.5 60 up to50f1M -

1191 0.13 

(902-1572) 

r--:-:--1 
4 [Asp15, Lyal81glucagon-NH2 1496 0.1 up to20f1M -

(1187-1885) 

~ 

5 [Lya17, Lya18, Glu211glucagon-NH2 54.0 2.8 3~ up to 10f1M 60 

(36.0-81.0) (188-544) 

~ 
6 [Lys12, Asp211glucagon-NH2 193 OM 794 up to20f1M 40 

1144-259\ (481-1310) 

7 [Orn17,18, Glu211glucagon-NH2 2.0 74.1 8.7 57.5 100 

11.R-2.2l (4.7-16.2) 

8 [N1eI7, Lys l8, Glu2l jglucagon-NH2 1.0 145.0 1.7 294 100 

CO.R-1.2l (1.4-2.1) 

9 [Lya 17jglucogon_NH2 0.7 222.2 2.2 2'J:l 100 

(0.5-1.0) (1.8-2.7) 

10 [Lya18jglucogon-NH2 4.1 36.4 40.8 12.3 100 

(3.3-5.1) (24.0-69.4) 
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Here, we will compare the binding potencies of the four cyclic glucagon analogues 

~ ii' i 
[Asp9, Lys12]glucagon-NH2 (2), [Lys12, AspI5]glucagon-NH2 (3), [AspI5, Lys18]glucagon-NH2 

(4), and [LysI7, L~sI8, Glu21]glucagon-NH2 (5). Compounds [~p9, L;s12]glucagon-NH2 (2) 

r-:-:---o 
and [LysI7, Lysl8, Glu21]glucagon-NH2 (5) show higher binding potencies than [LysI2, 

-- I , 
AspI5]glucagon-NH2 (3) and [Asp 15, LysI8]glucagon-NH2 (4) (Table 4.1). Notice that 

analogue (2) has cyclization at residues 9 to 12 which is close to the N-terminal region, while 

analogue (5) has cyclization at residues 18 to 21 which is located in the C-terminal region. 

Both analogues (3) and (4) have the cyclizations in the middle portion of the molecule from 

12 to 18. The binding potency results suggest that the 9-12 and 18-21 regions of glucagon 

can tolerate structural constraints more than the 12-18 region of the molecule. In other 

words, applying cyclic constraints to the 9 to 12 and 18 to 21 regions does not dramatically 

alter the main conformational features in these regions. This is not the case for the 12-18 

region. The suggestion of better defined structures in the cyclic 9-12 and cyclic 18-21 

analogues is not totally surprising since previous structure-function studies had indicated 

that the C-terminal has a well-defined a-helical structure while the 9 to 12 region may have 

a reverse turn structure. There could be two possibilities for the big impact on the 12-18 

region by cyclization. One is that the natural state of the region is flexible for it to function 

properly. The added cyclization limits this flexibility. The second is that the region has a 

rigid natural structure, and the constraint has completely changed its conformation. 

However, previous structure-function studies provide no indication of a rigid conformation 

in the 12-18 region. In addition, circular dichroism (CD) experiments and computer 

modeling studies on glucagon and its analogues in this investigation both suggest that the 

middle portion of the molecule should be flexible in nature (see chapter 5 and 6 for detail). 

Hence, one can tentatively conclude that, in solution, the middle portion of the molecule, 

especially the 12-18 region, needs to be flexible enough so that it can take a specific 
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molecular conformation that allows the C-terminal region and the N-terminal region to 

communicate with each other, and therefore, enhance molecular recognition and signal 

transduction to take place. With this in mind, it is doubtful that the crystal structure could 

be one of the active conformations in physiological conditions. For the x-ray crystal 

structure has a-helical structure exclusively in the middle portion of the molecule with no 

differentiation among the 9-12, 18-21, and the 12-18 regions. 

The above hypothesis is also consistent with the binding results of the cyclic 

analogue [Lys12, Asp21]glucagon-NH2 (6). This compound shows a surprisingly higher 

binding potency than most of the cyclic analogues despite its highly constrained character. 

The cyclization leaves the functioning C-terminal and N-terminal regions of the molecule 

intact. At the same time, the ring is big enough for the cyclic portion of the molecule to 

adopt its conformation so the flexibility in this region is not totally sacrificed. 

The receptor binding experiments have also shown that analogue 1 and 3 have 

biphasic binding patterns while analogue 2 does not (Figure 4.3). In the literature, two 

subtypes of the glucagon receptor have been reported for canine and rat liver hepatocytes 

(Bonnevie-Nielson and Tager, 1983; Musso et al., 1984). The Kd-values of glucagons with 

the high and low affinity receptors differ by a factor about 200 to 1000. Both subtypes were 

present in roughly equal amounts. In the plasma membrane system used in these 

investigations, the difference between the high and low affinity receptors usually was not 

observed. This could be due either to differences between the properties of the two systems, 

or to low experimental sensitivity. However, when certain sensitive portions of the molecule, 

e. g., residues 9 to 15, were altered in a particular way, the biphasic binding behavior 

became pronounced. These portions of the molecule may be involved in selecting high or low 

I I 
affinity receptors. Comparing the binding patterns of the compounds [Asp9, Lys12, 
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Lys17.18, Glu21]glucagon-NH2 (1) and [Lys12, Asp15]glucagon-NH2 (3), compound (1) shows 

about 110 times higher affinity for 35% of the receptor population than with the remaining 

65%. This suggests that the analogue (1) has a higher affinity for the lower population 
I I 

receptor subtype. Compound [Lys12, Asp15]glucagon-NH2 (3), on the other hand, shows 

about 800 times higher affinity for 28% of the receptor population which is also the lower 

population receptor subtype. When the concentration increases to certain point, the 

hormone can not differentiate the various receptors any more. Instead, it will bind to both 

the low and high affinity receptors through the same pattern. 

The potencies in the adenylate cyclase assay of all the cyclic analogues are shown in 

Table 4.1. Figure 4.4 gives a graphic illustration. Analogue [~p9, L;s12, Lys17.I8, 

Glu21]glucagon-NH2 (1) has a weak agonist activity. Both analogues [LysI7, LYs I8, 
-. « , 

Glu21]glucagon-NH2 (5) and [Lys12, Asp21]glucagon-NH2 (6) have partial agonist activity. 

I I , i 
The remaining three, [Asp9, Lys12)glucagon-NH2 (2) [Lys12, Asp15]glucagon-NH2 (3), and , 

i I 
[AspI5, Lysl8]glucagon-NH2 (4), are antagonists. Their antagonist nature was confirmed by 

competitive inhibition of glucagon bioactivity. 

The three antagonist glucagon analogues share the common structural features of a 

conformational constraints within the middle portion of the molecule. For the same reasons 

stated in the above binding data analysis, this portion of the molecule apparently needs to 

be flexible enough in order to adopt a suitably compact conformation for the entire molecule. 

Therefore, the C-terminal and the N-terminal can perform receptor recognition and signal 

transduction duties by communicating with each other. The cyclizations prevented this 

communication by forming rigid conformations in this portion. Furthermore, the charged 

groups removed from the critical residues by the cyclization may also contribute to the 

antagonist activity of these molecules. 
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As mentioned earlier, both analogues [Asp9, Lys12]glucagon-NH2 (2) and [LysI7, 

Lysl8, Glu21]glucagon-NH2 (5) show similar binding potencies. However, the adenyl ate 

cyclase activities of these two analogues are very different. The main reason is that the 

modifications of these two analogues are located at the two different functioning portions of 

the molecule. Modification at the signal transducing N-terminal will affect the enzyme 

activity dramatically, but the modification far away from this terminal will have less of an 

impact on activity. In addition, there is evidence that the loss of a charged group at 9 

position could induce antagonist activity. Earlier studies have shown that modifications at 

the Asp9 position can cause a dramatic reduction in bioactivity (Unson et ai., 1987, 1991). 

Therefore, our findings once again provide evidence that parts of the molecule are critical 

for binding and others for signal transduction. 

The partial agonist activities of certain glucagon analogues also were carefully 

examined. It is known that the extended a-helical potential at the C-terminal will increase 

the binding potency effectively as demonstrated in the acyclic compound [Lys17.I8, 

Glu2I]glucagon, a superagonist analogue (Krstenasky et al., 1986). The x-ray crystal 

structure of this superagonist analogue shows a salt bridge between the LysI8 and Asp21 

residue side chains (unpublished result by Steve Burley). The drop in potency of the cyclic 

analogue [Lys17, LysIS, Glu21]glucagon-NH2 (5), compared to [LysI7.I8, Glu21]glucagon, 

could result from the disturbance of the salt bridge which interrupts the continuous 

amphiphilicity of this region. Although altered amphiphilicity in this region is expected to 

affect its role in binding to the hepatocyte receptor, its effect on the signal transduction 

found in this investigation is more of a surprise. Notice that the N-terminal portion of 

glucagon has not been effected by the cyclization on the 18 to 21 region of this molecule. The 

change of the adenylate cyclase activity is another indication that there must be a 
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cooperative communication between the receptor binding C-terminal and the signal 

transducing N-terminal during their process. This communication is most likely by 

conformational adjustment during or after peptide binding to its receptor. The cyclized 18 to 

21 region affects the communication so that part of the signal transduction ability is lost. 

I I 
Analogue [Lys12, Asp21]glucagon-NH2 (6) is probably the most useful compound for 

supporting the above argument. This analogue shows 40% activity in the adenylate cyclase 

assay. As observed in all other analogues, the cyclizations in small regions could change the 

entire functional properties of the molecule. It is indeed phenomenal to see that such a 

globally constrained analogue can still have relatively high activity. Of course, a closer look 

at this molecule makes it understandable. The connecting points of this cyclization are the 

position 12 in the extended N-terminal region and the position 21 well within the C-

terminal region. Between of these amino acids are in the flexible portion of the molecule. 

Apparently, the ability to adopt a certain conformation is the key to the cooperation of the 

two functional terminals in the processes of the binding and signal transduction. The 12-21 

cyc1ization does not limit such an ability, or at least one could says that this globally cyclized 

structure is not too far off the biological active one. However, it is unrealistic to expect the 

designed molecule to fit the actual active conformation, if possible at all, without a precise 

model of this hormone being established. This molecule certainly opens a new avenue for 

understanding the mechanism of the hormone action and better molecular design. 

Bioactivity of the superagonist glucagon analogues 

A C-terminal amphipathic a-helix in glucagon has been proposed as being important 

for its bioactive conformation. The superagonist activities of compounds [Lys17.18, 
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GlU21]glucagon and [Glu21]glucagon are of special interest (Krstenansky, et al., 1986). 

Analogue [Lys17,lB, Glu21]glucagon, synthesized by John L. Krstenansky in our group, was 

the first glucagon analogue to exhibit the increased receptor binding and adenyl ate cyclase 

potency. This analogue was correlated with an enhanced a-helical content for the glucagon 

molecule. Analogue [Glu21]glucagon also showed an increased biological potency relative to 

glucagon. In fact, compound [Lys17,lB, Glu21]glucagon was 5 times and compound 

[Glu21]glucagon was 3 times more potent than glucagon for displacing the specifically bound 

125I-glucagon from rat liver plasma membranes. Compound [Lys17,lB, Glu21]glucagon was 7 

times and compound [Glu21]glucagon was 2.1 times more potent than glucagon in 

stimulating adenyl ate cyclase as measured by the formation of 32p_cAMP above basal levels 

in the rat liver plasma membranes. Notice that, in these two analogues, the only changes 

occur in positions 17, 18, and 21. The substitutions do not change the electric nature of 

these positions since Lys17,lB still has positive charges on the side chains relative to Arg17,lB 

and Glu21 still has a negative charge on its side chain. Such dramatic bioactivity differences 

between glucagon and these analogues strongly suggest the critical roles of regions 17,18 

and 21 in determining the biological activity of the hormone. 

Although there have been other analogues made similar to this discovery, none of 

them had shown higher potency than glucagon in their bioactivities. The study of those 

analogues has, nevertheless, provided some valuable information for this investigation. 

Epand and Liepnieks have synthesized the semi-synthetic di[d-(5-nitro-2-

pyrimidy1)ornithine17,lB]glucagon with the idea of extending the C-terminal amphipathic 

helix (Epand and Liepnieks, 1983). Indeed, the CD spectrum of this analogue indicated a 

richer a-helical content than glucagon in solution. This analogue was reported to be equally 

potent as glucagon in adenylate cyclase assay and only half as potent in receptor binding 
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assay. Yet, another synthesized analogue, [Ahx17,18]glucagon, which replaced the Arg17,18 

residues with lipophilic side chains, had only a weak receptor binding affinity. 

Analogues which combined the C-terminal modifications at Lys17,18, Glu21 with 

modifications at other positions have also been synthesized previously, with the belief that 

the C-terminal modification of the superagonist would increase the binding potency for the 

new analogues. Unfortunately, most of the synthesized analogues were not carefully 

compared. In fact, such belief was not totally proven true. Even though the analogue [Asp3, 

Lys17,18, Glu21]glucagon by Andreu and Merrifield (1987) showed a two-fold increase in the 

adenylate cyclase activity relative to the partial agonist [Asp3]glucagon, we found the 

analogues [hp9, L~s12, Lys17,18, Glu21]glucagon-NH2 (1) and [hp9, Lys12]glucagon-NH2 (2) 

in this investigation had lower binding potencies with IC50's of 631 nM and 128 nM, 

respectively, compared to that of glucagon (1.5 nM). Thus the additional substitutions of 

Lys17,18 and Glu21 do not necessarily enhance binding or adenylate cyclase activity. 

Because of the great interest in understanding the physiological functions due to the 

modifications at positions 17, 18, and 21, several superagonist series analogues were 

designed and synthesized in this investigation. The first is the analogue [Orn17,18, 

Glu21]glucagon-NH2 (7). The idea of designing this analogue is to compare it with the 

superagonist analogue [Lys17,18, Glu21]glucagon. They bear similar modifications at 17, 18, 

and 21 positions. Since the amino acid side chain of the Orn has one methylene group less 

than the amino acid Lys, it may not be able to preserve the salt bridge charactor. It would 

be interesting to see if this analogue shows any superagonist activity. Another aspect we are 

interested in is why and how the substitutions at positions 17 and 18 with Lys can increase 

bioactivity. This lead to the design of the analogue [NleI7, Lysl8, Glu21]glucagon-NH2 (8). 

Similar arguments go for the design of the analogues [Lys17]glucagon-NH2 (9) and 
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[LysI8]glucagon-NH2 (10). The latter has the same sequence as glucagon found in 

anglerfish. The former is not expect to have full activity since the modifications do not 

enhance the salt bridge formation on the positions 18 and 21. 

The binding results and the adenylate cyclase assay results of these four analogues 

are shown in Table 4.1. The binding results are illustrated in Figure 4.5 and the enzyme 

activity results are illustrated in Figure 4.6. The binding and the adenylate cyclase assays 

give similar results for all four analogues. Analogues [Nle17, LysI8, Glu2I]glucagon-NH2 (8) 

and [Lys17]glucagon-NH2 (9) showed some superagonist activities. Analogue 8 is about 1.5 

times as potent as glucagon in binding and 2 times more potent than glucagon in adenyl ate 

cyclase stimulation. Analogue 9 is 2.2 times as potent in binding and 2.2 times as potent in 

signal transduction. The other two analogues [OrnI7.I8, Glu21]glucagon-NH2 (7) and 

[LysI8]glucagon-NH2 (10) are less potent in binding and adenylate cyclase activity but still 

give 100% maximum stimulation. 

From the above experimental results, we may conclude that the ability to form the 

salt bridge between LysI8 and Glu21 side chain groups in the superagonist analogue 

[LysI7.I8, Glu21]glucagon is probably the key for its profound increase in activity. Among the 

four analogues synthesized here, only analogue [Nle17, Lys18, Glu21]glucagon-NH2 (8) 

preserves this structure feature. It has the highest activity. However, the modification in 

NleI7 makes the analogue not as potent as analogue [LysI7.I8, Glu21]glucagon, indicating 

that the 17 position is also actively involved in functioning, perhaps through a relatively 

independent way. This claim is backed by the superagonist activity of analogue 

[LysI7]glucagon-NH2 (9). With only the modification at residue 17, this analogue 

demonstrated a superagonist activity. Since the LysI7 is not directly involved in the salt 
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bridge formation, the only explanation of the function of the residue is its direct involvement 

in the receptor binding or interaction with the N-terminal region of the molecule. 

The residue 18 does not seem to play an independent role in enhancing bioactivity. 

In fact, the substitution of the Arg18 by Lys18 lowers the binding potency and enzyme 

activity. It might be because the Lys18 can not form a salt bridge with Asp21. The same 

argument can be used to explain the slight drop of the bioactivity of the analogue [OrnI7.18, 

GIU21]glucagon-NH2 (7), since the Orn18 and Glu21 can not form a salt bridge either. 

However, since the modifications are minor and they do not change the amphiphilic 

character of the C-terminal region too much, these analogues can still reach 100% 

stimulation in adenyl ate cyclase assays. 

Summary 

We have found that the solid state crystal structure of glucagon is not compatible 

with our bioasl;ay results. Therefore, we believe that the crystal structure is not the 

biologically act .ve conformation in physiological conditions. The bioactive conformation 

requires the mliddle portion of the molecule, especially the 12 to 18 region, be flexible 

enough to adopt a more compact conformation. The C-terminal and the N-terminal 

functioning groups apparently need to be spatially close to each other in order to 

communicate with one another for coordinating binding and signal transduction. Our 

findings confirmed the general belief that the charged group of the N-terminal region plays 

an important role in the signal transduction while the receptor binding is more affected by 

the conformational features in or near the C-terminal region. Our investigation does not 

necessarily show an improved receptor binding activity by substituting Lys17.18 and Glu21 in 
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conjunction with other modifications in an analogue. We conclude that the salt bridge 

formation for LysIS and Glu2I in the superagonist glucagon analogues plays a key role in 

increasing bioactivity. However, residue 17 may also have an independent effect on 

bioactivity through interactions with other functional parts of the molecule. The three 

residues have to cooperate with each other in order to give the maximum stimulation of 

receptor activity. 
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CmCULAR DICHROISM ANALYSIS OF GLUCAGON AND ITS 
ANALOGUES 

Introduction: 

Optical activity and CD 
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Certain molecules change the polarization state of light passing through them. This 

property of the molecules is known as optical activity. Optical activity has four apparent 

effects: optical rotation, ellipticity, circular dichroism (CD), and circular birefringence. 

These four effects are not entirely independent. 

There are several ways to explain the optical activity. We will follow the one given 

by Cantor and Schimmel (1980). Figure 5.1 is a graphic illustration of optical activity. An 

incident plane-polarized light (a) has an electric vector E oscillating sinusoidally in a plane. 

After passing through an optically active absorbing sample, the electric vector is no longer 

confined in the plane. Rather, it rotates around the propagation axis. The vector traces out 

an ellipse with its major axis rotated an angle cjl away from the original plane of polarization 

(b). The out-going light is now elliptically polarized. The change in the ellipticity of the light 

is one measure of the optical activity of the sample. The ellipticity is the angle defined as the 

arc-tangent of the ratio of minor axis to major axis of the ellipse. If the sample absorbs little 

of the light, the ellipse would have very small axis ratio so that the out-going light is 

essentially still a plane-polarized light for all practical purpose. In this case, one simply has 

a polarization rotation of the incident light. This effect is termed as optical rotation. 
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Since one can decompose a plane-polarized light into two circularly polarized lights 

with equal amplitudes but opposite rotating directions, as pictured in (c), the effect of an 

optically active medium on each component can be considered separately. The difference in 

the absorption between the left-hand circularly polarized light (Ar) and the right-hand one 

(An> in such a medium is called circular dichroism. After passing through the sample, each 

component of the light is stilI circularly polarized. However, the amplitudes are different 

now because of the different absorptions (d). When these two opposite circularly polarized 

lights are combined again, the result is an eIIiptically polarized light. Thus, CD is equivalent 

to the eIIipticity. It is the eIIipticity that is actually measured in a CD experiment. The CD 

effect is a function of the wavelength of the light. 

CD can be measured easily by exposing a sample alternately to left-hand and right

hand circularly polarized lights and detecting the difference in absorption. Generally, the 

difference is very small. However, it can be determined quite accurately with modern 

instrumentation. The eIIipticity 9 is calculated from the differential absorption using 

9=2.303(AL-AR)180/41t (degrees). To compare results from different samples, it is necessary 

to compute optical activity on a molar or residue basis. The molar eIIipticity [9] and molar 

rotation [cjl] are then defined as [9]=1009/CL and [cjl]=100cjl/CL, where C is the concentration 

of the sample in moles per liter and L the absorption path length. If C is expressed in moles 

of residues, as is usually the case for macromolecules, the above equations define the 

residue eIIipticity and residue rotation, respectively. 



105 

Application of CD spectrum to structural analysis 

Nearly all molecules synthesized by living organisms are optically active. Therefore, 

CD provides a powerful tool to probe the structures of such molecules. In principle, the CD 

spectrum for a molecule can be calculated using quantum mechanics. However, 

chromophores, such as aromatic amino acids and nucleic acids, are very complex systems. 

They have many electronic states. Transition moments are rarely known for most of them 

with sufficient precision. On the other hand, there exists a large number of experimental 

CD data for polypeptides, proteins, and nucleic acids with known three-dimensional 

structures. These data can be utilized to predict and analyze the CD spectra of unknown 

systems. 

Unless an unusual fraction of aromatic amino acids is present, the optical activities 

in the region of spectrum between 190 to 230 nm are dominated by peptide backbones. As an 

approximation, one can consider a protein simply as a combination of the backbone regions 

with a-helical, ~-sheet, reverse turn, and random coil structures. The spectrum of each type 

of regions can be obtained using the measured CD spectra of homopolypeptides known to be 

pure a-helices 9u(A), p-sheets 9~O .. ), reverse turns 9t(A) or random coils 9r (A). They form a set 

of basis spectra. Examples of these spectra are shown in Figure 5.2 (Greenfield and Fasman, 

1969; Alder, et al., 1973). A spectrum 9(1..) of any given molecule can be approximated as a 

linear combination of these basis spectra: 9(1..)= Cu9u(A) + C~9~(A) + Ct9t(A) + Cr 9r (A), where 

Cj are fractional composition coefficients of the corresponding secondary structures. For a 

given CD spectrum and a set of chosen basis spectra, one can determine the fractional 

composition coefficients in a number of ways. Several developed procedures and computer 

programs are available to estimate the coefficients. It should be pointed out here that, 

besides any errors in the mathematics of calculating Ci , the goodness of thus obtained 
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coefficients critically depends on the basis spectra chosen. In particular, it requires that the 

base spectra eaG),.), e13(I..), et(I..), and er (l..) are linearly independent. Fortunately, as shown in 

Figure 5.2, the spectra of the different secondary structure are fairly distinctive. 

As mentioned earlier, the CD spectra of the three major configurations (a-helix, p

sheet, and random coil) of synthetic polypeptides have been well documented. The spectrum 

of the a-helical polypeptides is composed of three gaussian curves (corresponding to three 

electronic transitions). One of them has a positive value peaking at 190 nm and the other 

two negative bands at 206 nm and 222 nm respectively. The random coil is found to have a 

single strong negative band at 191 nm, and possibly a weak positive band at 220 nm. The p

conformation is reported to have a positive band peaked at 195 nm and a negative band at 

217 nm (Lizuka and Yang, 1966: Sarkar and Doty, 1966). 

The use of CD to study the conformation of glucagon started in the late 60's. The CD 

spectra of glucagon in 1 mglml solutions showed an a-helix content of 10-15%. The helical 

content increased to about 35% at concentrations greater than 10 mglml (Srere and Brooks, 

1969). In even more concentrated solutions, glucagon seemed to have even more helical 

structure, which was consistent with the fact that glucagon tends to aggregate in 

concentrated solutions and can crystallize as a trimer with the monomer in a nearly 

complete a-helical form (King, 1965). The later CD studies by Panijpan and Gratzer (1974) 

concluded that glucagon in aqueous solution did not have a stable globular structure. The 

conformation changed continuously with the change of temperature or concentration of the 

denaturants. With many investigations on glucagon in dilute aqueous solutions, it was 

concluded that the glucagon structure was largely unfolded with few intramolecular 

interactions (Formisano et al., 1977). 



108 

However, there were also other experimental evidences in support of a well-defined 

structure for glucagon in solution. NMR experiments have shown that monomeric glucagon 

in solution had a local, quite rigid, and non-random spatial structure (Boesch et al., 1978). 

The viscosity of a dilute solution of glucagon also resembled that of a globular protein as 

opposed to a random coil (Epand, 1971). A more recent NMR experiment (Wagman et al., 

1980) was able to make assignments of the resonances to the specific amino residues. Almost 

all of the chemical shifts were significantly different from the expected values for a random 

coil conformation (Jardetzky and Roberts, 1981). By taking into account all the information 

available, Korn and Ottensmeyer (1983), for the first time, proposed a three-dimensional 

model of glucagon in solution with a well-defined structure (Chapter 1, Figure 1. 6). 

The inconsistency among various experimental results of glucagon conformation 

studies reflects the complexity of the subject. All of the previous conformational analyses of 

glucagon by CD experiments were done on glucagon and its linear analogues. In this 

investigation, we intended to further study glucagon's conformation by CD experiments not 

only on glucagon but also on a variety of synthetic glucagon analogues, especially the cyclic 

glucagon analogues. With conformational constraints, the number of available conformers is 

limited. Hopefully, that will simplify the experimental measurement and data analysis. 

Also, with systematically designed analogues constrained at different portions of the 

molecule, detailed information on the conformation in individual region in the molecule can 

be obtained. 

Four types of CD experiments were performed in this investigation: (1) 

concentration dependent experiments; the CD spectra of glucagon and glucagon analogues 

were measured over a wide range of concentrations in order to find the effects of 

concentration on their conformation. (2) pH dependent experiments; We varied pH from 1 to 
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11 to study the conformation change under neutral, acidic, or basic conditions. (3) 

Trifluorylethanol (TFE) concentration dependent experiments; TFE was used as an a-helical 

inducing agent. This experiment was used to study the a-helix forming potential at different 

portions of the peptide chain in order to evaluate their flexibility. (4) Sodium dodecylsulfate 

(SDS) dependent experiments; SDS was used to produce a lipophilic environment. It can 

mimic the membrane lipid properties and form a micelle around peptide molecules so that 

the conformations of the peptides under lipophilic environments can be analyzed. 

Experiments and results 

Materials and methods 

Crystalline glucagon was obtained from Sigma (lot 1774) and used without further 

purification. The glucagon analogues used were synthesized and purified as described in 

Chapter 2. The concentrations of 0.2 mg sample in each tube were monitored accurately by 

UV molar absorption (as described in Sample Preparation section in Chapter 4). The desired 

concentration was controlled by diluting the samples in one or several tubes with different 

solvents. SDS and TFE were purchased from Aldrich (Milwaukee, WI). 

The CD spectra of glucagon and the analogues were taken with an AVIV model 

60DS spectropolarimeter under constant nitrogen flush. A standard cell of 1 cm size was 

used for all the measurements. The temperature was maintained at 26 cc. The instrument 

was calibrated with d-10-camphorsulfonic acid (Cassim and Yang, 1969; Chen and Yang, 

1977). The CD data were expressed in terms of the mean residue ellipticity eo .. ) in 

deg cm2 dmol-I . The mean residue weight was calculated using the relevant amino acid 

compositions. 
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Methods of analysis 

To obtain the fractional coefficients of the secondary structures from a measured CD 

spectrum of a compound, one has to first decide what dominant secondary structures are 

responsible for the CD spectrum. For glucagon and its analogues, we took into account only 

a-helix, p-sheet, reverse turn, and random coil structures. The data analysis followed the 

one described by Chang et al. (1978). The basis spectra of the secondary structures were 

d;~termined from CD spectra of five to eight proteins of known Ci by solving five to eight 

simultaneous equations with the least-square fit method (Quioscho and Lipscomb, 1971). 

Once basis spectra ai(A) are known, one can estimate the fractional coefficients again by the 

least square fit method, i.e., find a set of Ci so that the calculated spectrum fits best the 

measured one. In the least square fit, two constraints, rCi=1 and 1>Cj>0, are generally 

applied, merely reflecting the physical meaning of Ci. In analyzing our CD spectra, we have 

used the fitting program, Prosec - a PROtein SECondary structure estimator tailored to 

work directly with data recorded by the Aviv CD spectrometer. The basis spectra in Pro sec 

are derived from those tabulated by Chang et al. (1978). The accuracy of the coefficients 

thus obtained is difficult to evaluate. The main uncertainty lies in the choice of the basis 

spectra, the accuracy of which and the correlation among which are the main concerns. 

However, one is assured that all CD spectra of the basis secondary structures obtained from 

different sources have been found very similar and proven reliable. In fact, the goodness of 

the least square fit itself can be used to judge the basis spectra. A poor fit certainly indicates 

a poor choice of basis spectra, though the reverse is unfortunately not always true. 

Nevertheless, our interest in this work is the change in conformation of a particular peptide. 

The Prosec analysis can be very helpful in that sense. 
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Concentration dependent experiment 

The variation of the sample concentrations in this experiment ranged from 

0.06 mg/ml (18 J.1.M) to 5 mg/ml 0.16 mM) in pH 4 solution. As one can see from the results 

shown in Appendix A, the a-helical percentages of glucagon and its cyclic analogues are 

j I 
nearly zero except for analogue [Asp9, Lys12, Lys17.18, Glu21)glucagon-NH2 (1). They are 

virtually independent of concentration. Analogue 1, which has substitution at 17, 18 and 21 

positions. has an average of 10% a-helix over the entire concentration range. 

Similar results were found in the linear analogue series. Analogues [Lys17)glucagon

NH2 (9) and [Lys18)glucagon-NH2 (10) have no indication of any a-helical content over the 

concentration range measured. [Orn17.I8, Glu21]glucagon-NH2 (7) and [NleI7, Lysl8, 

Glu21)glucagon-NH2 (8) both have some a-helical contents. Analogue [Nle17, Lysl7, 

Glu2l]glucagon-NH2 (8) has about 15% a-helical content at concentrations even as low as 

0.1 mg/ml with little increase at the higher concentration. This indicates that its a-helical 

content has little to do with the change of concentration. Rather, it is determined by the 

amino acid sequence. [Orn17.18, Glu21]glucagon-NH2 (7) gives about 8-9% a-helical content 

throughout the entire concentration range. 

pH dependent experiment 

The pH experiment covered a wide range from pH 1 to pH 11. The concentration 

used for this measurement was 72 J.1.M in all cases. The results are shown in Appendix B. 

There is virtually no indication of any pH dependence either among all the analogues or 
, i 

glucagon itself. However, analogues [Asp9. Lys12, Lys17.18, Glu21]glucagon-NH2 (1), 
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[Orn17,18, Glu2l]glucagon-NH2 (7) and [Nle17, Lysl8, GIu2I]glucagon-NH2 (8) with 

modifications at the 17, 18 and 21 positions have about 5% a-helical content under neutral 

or slightly basic conditions. 

TFE dependent experiment 

The results of the TFE dependent experiment are shown in Appendix C. Figure 5.3 

illustrates the effects of TFE on the conformations of glucagon and its cyclic analogues. This 

experiment was done at a sample concentration of 72 Jl.M (0.1 mg/mI). At low TFE 

concentration" the a-helical contents of all the cyclic analogues are low and increase with 
, . 

increasing TFE concentration except analogue [Asp9, Lys12, Lys17,18, Glu21]glucagon-NH2 

(1) which has a high a-helical contents even at low TFE concentration. However, the a-

helical contents of all cyclic analogues remain more or less constant beyond 35% TFE 

concentration. Among the cyclic analogues, analogue (1) has the highest maximum of 55% 

a-helical content (similar to glucagon), analogue [L~s12, k,p21]glucagon-NH2 (6) has the 

lowest maximum of 24%, and other cyclic analogues [~p9, Lis12]glucagon-NH2 (2), [L[si2, 

-, i i ~ 
Aspl5]glucagon-NH2 (3), [ASp15, LysI8]glucagon-NH2 (4), and [LysI7, Lysl8, Glu21]glucagon-

NH2 (5) have similar maximum of 35-39%. 

The TFE effect on the linear glucagon analogues is illustrated in Figure 5.4. 

Analogue [Orn17,18, Glu2l]glucagon-NH2 (7) has a less a-helical conte[lt than glucagon and 

other linear analogues. Two of the linear analogues, [Nlel7, Lysl8, Glu2l]glucagon-NH2 (8) 

and [Lysl7]glucagon-NH2 (9), show no saturation-like behavior above 35% TFE 

concentration. Instead, there is a drop of the a-helical content as TFE concentration 
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increases from 35% to 50%. Notice that it is these two compounds that give higher binding 

potencies and adenylate cyclase activities than glucagon. 

SOS dependent experiment 

As shown in Appendix 0, the highest SOS concentration which can be reached 

without inducing any experimental distortion is 20%. The result shows that the a-helix 

content in this experiment is virtually unaffected by the SOS concentration. No significant 

differences were found between the cyclic and the linear glucagon analogues, either. 

Analogues [~p9, Ly's12, LysI7.I8, Glu2I]glucagon-NH2 (1) and [Nle17, LysIS, Glu21]glucagon

NH2 (8) maintain constant 35% a-helical content. Glucagon and all other analogues have 

25% a-helix. 

Discussion 

Before interpreting the experimental results above, one has to realize the limitations 

of the CO experiments. Although a CO spectrum can be used to positively identify regular 

repeating conformations (a-helix, ~-sheet, etc.), it is not very sensitive to irregular helix or 

irregular ~-structures. The irregularity and the dynamics of flexible structures tend to 

average out the CO effects (Korn and Ottensmeyer, 1983). Furthermore, our measurements 

can only work within the 190 to 400 nm wavelength range. It has less accuracy in 

determining the ~-sheet and random coil contents, since their major absorption bands are 

located near 190 nm. Nevertheless, since the major absorption band of a-helix is near 

222 nm, the measurements on the a-helical structures are usually reliable. 
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In general, our CD data indicate that there is a lack of a well-defined a-helical 

content among glucagon and its analogues at different sample concentrations and pH. It is 

possible that the irregularity and dynamics of flexible forms may have obscureCl, the CD 

results. 

Judging by the fact that the a-helical contents in glucagon increased from zero to 

55% by the addition of TFE, the glucagon conformation in dilute aqueous solution is not 

very well-defined. There exist many low energy conformers in dilute aqueous solution that 

transform from one to another quite freely. However, when certain conformation effecting 

agents such as TFE and SDS are added to the solution, they create a different environment. 

Of course, the introduction of TFE and SDS is not a true physiological condition. For 

example, SDS is a detergent which can form a micelle coating around the peptide. The 

amphiphilic character of SDS is similar to that of a membrane. However, SDS-formed 

micelles do not reflect exactly the actual membrane environment. During the receptor 

binding process, a peptide not only interacts with the surface of the membrane, but also can 

penetrate into the membrane bilayers and become membrane bound. The SDS enviroment is 

an over-simplified version of the natural case. However, using SDS in CD experiments can 

give some idea of how a monomeric peptide behaves in a lipophilic environment. In the case 

of TFE as an a-helical inducing agent, it more likely causes an over-induced a-helix 

formation. The saturation occurring at 35% TFE in our experiment may not reflect the 

actual a-helical content in this molecule. It only indicate the highest a-helical content that 

can occur under these conditions. On the other hand, the existence of a saturation state 

indicates that there are factors limiting the a-helical formation of these molecules. These 

controlling factors are most likely determined by the primary structure of the peptide. 
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I 

One can clearly see from the CD results of the cyclic analogues that there are 

significant clifferences in a-helical content at the same TFE concentration. The 20% 
I 

I I i r--
difference between glucagon and the cyclic analogues [Asp9, Lys12)glucagon-NH2 (2), [Lys12, 

~ J iii 
ASpl5)glucagon-NH2 (3), [Aspl5, Lysl8]glucagon-NH2 (4), and [Lysl7, Lysl8, Glu2l]glucagon-

NH2 (5) at tlle high TFE concentration is equivalent to about 6 residues in length (Figure 

5.3). This gives a definite indication of inhibition of a-helical formation in the cyclic portions 

of the mOlecllLles. Since all of the cyclic analogues are modified within the residues from 9 to 

21, the induced a-helical conformation must include this portion of the molecule. As we 

already know that the C-terminal of glucagon can form a-helixes more easily than other 

parts of the molecule, it is reasonable to assume that the a-helical structure extends from 

the C-terminal to the 9 to 12 region. The 12 to 29 sequence, a total of 18 residues, would 

constitute about 60% a-helical content in glucagon. In the cyclic analogues, the cyclizations 

often involve four residues, e.g. analogues (2) to (5), and these may interrupt the 

continuation of the a-helix such that those cyclic analogues would have 10% to 30% less a-

I I 
helical content than glucagon. Analogue [Lys12, Asp21)glucagon-NH2 (6), which has 24% a-

helix, is another indication which supports this assumption. Due to the large cycle from 

residue 12 to 21 within this molecule, the well-defined a-helix is only from residue 22 to 29 

i i 
which is about 24% of the molecule. Analogue [Asp9, Lys12, Lys17,18, Glu21)glucagon-NH2 

(1), which has 55% a-helix content at the higher TFE concentration, is one exception. The a-

helix inducing substitutions at 17, 18, and 21 positions overcome the cyclization effect in the 

9 to 12 region of the molecule, where the a-helix already reaches to its ends. 

The increase in a-helix by introducing TFE reflects the conformational nature of the 

molecule. At low TFE concentration, the a-helix contents are virtually zero for most of the 

analogues. It increases gradually with increasing TFE concentration. Although the high (X-
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helical potential of the C-tenninal has been well established, our results further showed the 

ability of extending the a-helix in the middle portion all the way up to residues 9-12. This 

ability suggests the flexible nature of the middle region. By contrast, the N-terminal has a 

more defined structure. The a-helix can not continue beyond residues 9-12 even at the high 

TFE concentration, as suggested by the CD experiment. 

For linear glucagon analogues, the increases in a-helix content with TFE 

concentration again indicates the flexibility of the glucagon conformation in solution (Figure 

5.4). As mentioned above, the a-helix forming process starts from the C-terminal region and 

ends at the 9-12 region of the molecule. The analogue [Orn17,18, Glu21]glucagon-NH2 reveals 

the inhibition of the a-helix fonning ability due to the modifications at the 17, 18 and 21 

positions. For this analogue, the a-helix content reaches its maximum at higher TFE 

concentration compared to other analogues in this series. However, this is not contradictory 

with the other CD results mentioned earlier in this chapter indicating that there was a 

slightly higher a-helical content without introducing TFE. Our results here only indicate 

that the modifications on Orn17, 18 and Glu2I inhibit the ability of this molecule to reach its 

highest a-helical potential. 

The reason for the drop of a-helical content in 50% TFE for analogue [Nle17, Lysl8, 

Glu21]glucagon-NH2 (8) and [LysI7]glucagon-NH2 (9) is not clear. The results suggest 

possible conformation change occurring even at high lipophilic environment such as when 

bound to a membrane. This near 20% drop of a-helix content equals about 5 to 6 residues in 

length. A part of the a-helices could have changed to a reverse turn conformation. This 

matter will be discussed in more detail in Chapter 6. 

Finally, the CD results of the analogues [Asp9, Lys12, Lys17,18, Glu2l]glucagon-NH2 

(1), [Lys17, Lysl8, Glu2I]glucagon-NH2 (5), [Orn17,18, Glu2I]glucagon-NH2 (7), and [Nle l7, 
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Lys18, Glu21]glucagon-NH2 (8), all of which have modifications at the 17, 18 and 21 

positions, show slightly higher a-helical contents than others analogues. The most common 

feature among these analogues is the glutamic acid at the 21 position instead of the original 

aspartic acid. The increased a-helical contents indicate that the Glu21 substitution is crucial 

for stabilizing the a-helical content in that region. However, according to the bioactivity 

data, compounds [Nle17, LysIS, Glu21]glucagon-NH2 (8) and [Lys17]glucagon-NH2 (9) give 

better binding and higher adenylate cyclase activity than glucagon. Analogues [~p9, Ly~12, 

Lys17,18, Glu21]glucagon-NH2 (1), [Orn17, 18, Glu21]glucagon-NH2 (7) and [Lys18]glucagon

NH2 (10) do not. This means that the a-helical content is not the exclusive factor for 

determining the binding ability of the glucagon analogues. This raises some doubt as 

whether the a-helical content is the only or main factor determining the superagonist 

activity of certain glucagon analogues as indicated by some previous studies. 

Conclusion 

One can conclude from the above CD results that glucagon and its analogues in 

aqueous solutions lack a well-defined a-helical structure. There are virtually no a-helical 

content dependencies on sample concentration, pH value, and SDS concentration for 

glucagon and its analogues synthesized in this investigation. The slightly higher a-helical 

percentage with substitution at Glu21 suggests that Glu21 instead of Asp21 is the key residue 

to induce the a-helical potential in that region. The small amount of a-helical content 

measured in these experiments is indeed contributed by the C-terminal portion of the 

molecule. 
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One can make the assumption based on the TFE experimental results that there is 

continuous a-helix forming potential from the C-terminal region of glucagon to residue 12. 

The reason for the lower a-helical potential of the cyclic glucagon analogues relative to the 

linear ones is the inhibition of a-helical continuation by bridge formation at the cyclized 

portion of the molecules. This scenario has been supported by the results of all the cyclic 

glucagon analogues and the linear glucagon analogues. 
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ChapterS 

THEORETICAL PREDICTION AND COMPUTER MODELING 

Prediction of the secondary structure of glucagon and its analogues 

The correlation between amino acid sequence and secondary structure was first 

established by Blout et al. (1960). They assigned a.-helix forming and breaking properties to 

seven types of amino acid residues on the basis of experiments with synthetic homopolymers 

and polypeptides. The helix-forming residues assume the a.-helix conformation. The helix

breaking ones do not. Later on, several researchers applied these results to native globular 

proteins. Over the years, the correlation analyses have been improved upon and diversified. 

Large data bases have been compiled for these results and used for predicting other 

structures. The often used methods for predicting secondary structures from amino acid 

sequences can be grouped into two categories: probabilistic and physico-chemical. The 

former refers to methods which extract rules and parameters by purely statistical analyses 

of the data bases. The latter, in addition or exclusively, uses structural information other 

than data bases (Schultz and Schirmer, 1979). 

(i) Probabilistic methods 

A simple approach of the methods is to consider each residue separately without 

paying any attention to its neighbors. Using purely statistical analysis, the frequencies of 

each of the 20 standard amino acids in a-helix, p-sheet, and reverse turn Crt) regions of 

proteins in data bases have been determined (Dirkx, 1972; Beghin and Dirkx, 1975). These 
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frequencies were then defined as the "propensity of each type of residue to occur in a-, ~-, 

and reverse turn conformations". The reverse turn was defined as those quartets of residues 

i, i+1, i+2, i+3, in which the distance between Ca-atom in position i and i+3 is less than 7 A 

and the chain is not in an a-helical conformation. These frequencies were updated by other 

workers like Chou and Fasman (1974). Table 6.1 lists the propensities of amino acids in a

helical, p-sheet, and reverse turn conformations used in the Chou-Fasman calculation. 

The Chou and Fasman method was adopted in our investigation to predict the 

conformations of glucagon and all analogues synthesized in this work. To illustrate the 

application of the method, we list tb:t\._necessary steps for predicting the structure of 

glucagon in Figure 6.1. The first step is to locate the a-helix nucleation, which is a 

hexapeptide fragment containing four helix-forming Ha or ha residues (Ia counts as a half 

ha) and no more than one helix breaker Ba or ba. The helix nucleation can be extended in 

both directions until the average propensity of a tetrapeptide falls below 1.00. For glucagon, 

the helix nucleation is located at the C-terminal region between Leu14 and Thr29. The 

second step is to locate the sheet nucleation which is a pentapeptide containing three HP 

and hl3 residues and not more than one BI3 and bl3. The same extension rules for helix also 

apply. Possible p-sheet regions for glucagon are at the N-terminal region from Ser2 to TyrlO 

and at the C-terminal region from Arg18 to Thr29. The reverse turn propensity depends on 

the position of the residue in the tetrapeptide. Figure 6.1 listed all the four propensities for 

each residue. All of them are multiplied by a factor of 103. Tetrapeptides with an average 

propensity (marked with circles) above 50 X 10.0 are considered as having high potential to 

form a reverse turn. For glucagon, we can predict that the reverse turns are located at (1) 

Ser2 to Thr5; (2) SerB to Serl1; and (3) TyrlO to Tyr13. 
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Table 6.1 Frequencies of occurrences of amino acids in a-helixes, p-sheet, and reverse turns. 

amino acid a-helical p-sheet rt propensities 
:Qro:Qensit~ :Qro:Qensit~ fi fi:l:l fi:l:2 fi:l:i! 

Ala 1.45 0.97 0.049 0.049 0.034 0.029 
Arg 0.79 0.90 0.051 0.127 0.025 0.101 
Asn 0.73 0.65 0.101 0.086 0.216 0.065 
Asp 0.98 0.80 0.137 0.088 0.069 0.059 
Cys 0.77 1.30 0.089 0.022 0.111 0.089 
GIn 1.17 1.23 0.050 0.089 0.030 0.089 
Giu 1.53 0.26 0.011 0.032 0.053 0.021 
Gly 0.53 0.81 0.104 0.090 0.158 0.113 
His 1.24 0.71 0.083 0.050 0.033 0.033 
Ile 1.00 1.60 0.068 0.034 0.017 0.051 

Leu 1.34 1.22 0.038 0.019 0.032 0.051 
Lys 1.07 0.74 0.060 0.080 0.067 0.073 
Met 1.20 1.67 0.070 0.070 0.036 0.070 
Phe 1.12 1.28 0.031 0.047 0.063 0.063 
Pro 0.57 0.62 0.074 0.272 0.012 0.062 
Ser 0.79 0.72 0.100 0.095 0.095 0.104 
Thr 0.82 1.20 0.062 0.093 0.056 0.068 
Trp 1.14 1.19 0.045 0.000 0.045 0.205 
Tyr 0.61 1.29 0.136 0.025 0.110 0.102 
Val 1.14 1.65 0.023 0.029 0.011 0.029 

(li) Physico-chemical methods 

The physico-chemical methods for predicting peptide conformations do not rely 

exclusively on known sequences and structures in data bases of globular proteins. They 

incorporate other experimental and theoretical data as well. These methods can be 

subdivided further into those which depend on stereochemical considerations, and those 

that are based on statistical mechanics. 

The most efficient method based on stereo chemical consideration is to use a helical 

wheel to predict the a-helix structure as demonstrated by Schiffer and Edmundson (1967; 
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Figure 6.1 Prediction of the secondary structure from the amino acid seguence of glucagon. -~ 
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1968). Using graphs containing five turns of helices, they showed the nonpolar residues 

clustering on one helix side and forming nonpolar arcs. For the helix prediction, one looks 

for nonpolar triplets at positions i, i+3, i+4 and i, i-3, i-4 in a given amino acid sequence. 

These positions are taken as a helix nucleus. A helical wheel is then plotted around them. 

The helix is assumed to continue in both directions until the nonpolar arcs are interrupted 

by polar residues. 

By applying the stereo chemical method above, the C-terminal region of glucagon 

from Ala 19 to Met27 (9 residues) is predicted to be a helical nucleus. This helix nucleus 

extends to a 13-residue cluster from Arg17 to Thr29. As the helical wheel in Figure 6.2 

shows, the nonpolar residues clustered on one side of the wheel to form a nonpolar arc. All 

of the charged groups are on the other side of the wheel. 

To predict reverse turns, a straightforward method was first adopted by Kuntz 

(1972). He observed that reverse turns occurred almost exclusively at the protein surface. 

Therefore, he concluded that all triplets of polar residues were in a reverse turn 

conformation. Following this rule, we found that there were three possible reverse turn 

regions in glucagon molecule. They are regions (1) Hisl to Gln3; (2) Thr7 to Tyr13; (3) Asp15 

to Arg18. 

(iii) Discussion 

By evaluating the results obtained from these various prediction methods, a few 

conclusions can be drawn for glucagon. The o:-helix is most likely located in the C-terminal 

region from Arg17 to Thr29. However, it can extend towards the N-terminal up to Leu14 

under certain circumstances. The reverse turn regions are most likely located in the Ser2 to 
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'fhr5 region, the SerB to SerH region, and/or the TyrIO to Tyr l3 region. The reverse turn SerB 

to SerH actually shows much more propensity than TyrlO to Tyr13, although the later was 

predicted by Korn and Ottensmeyer as a reverse turn region (Korn and Ottensmeyer, 1983). 

The predicted p-sheet region also overlaps with one or two of the predicted reverse turns in 

the N-terminal region. 

Putting the above predictions together with our bioassay results, one can obtain a 

better picture of the conformational basis for the activities of the analogues. In the cyclic 

series, all of the analogues lost their binding potencies and adenylate cyclase activities 

because the cyclizations have changed the conformations from those predicted for glucagon. 

Depending on the positions where a modification takes place and the magnitude of the 

change, the effect is quite different. For example, analogue [A1p9, Ly~12)glucagon-NH2 (2) 

and analogue [LysI7, LysIS, Gl~21)glucagon-NH2 (5) show better binding than both analogue 

Iii i 
[Lys12, Asp15)glucagon-NH2 (3) and analogue [Asp15, Lys lS)glucagon-NH2 (4). The 9-12 

cyclization is located within the N-terminal region and among predicted reverse turn 

regions 8 to 11 and/or 10 to 13. Therefore, the 9 and 12 positions may be close to each other 

in space due to one of the possible reverse turns. In other word, the formation of the bridge 

between 9 and 12 has not changed the native conformation of glucagon in that region 

dramatically. 

--, 

r-:-:
The modifications on the 17, 18 and 21 positions of analogue [Lys17, LysIS, 

Glu21)glucagon-NH2 (5) are within the C-terminal a-helical region. Beside the effect of the 

charge variation, the conformation change plays an important role in its bioactivity. Using 

computer modeling, one can visualize that the 18 and 21 positions are not very far apart in 

space (Figure 6.3). In fact, there is a salt bridge between the LysIS and Glu21 side chain 

groups (unpublished results by Steve Burley). The cyclization of this analogue alters the 
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Figure 6.3 X-ray crystal structure of the superagonist analogue [Lys17.1B, Glu21]glucagon. 
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original nature of the a-helical structure by both changing the conformation of that region 

and disturbing the salt bridge. The change of the conformation may not be very significant 

due to the closeness in space between the two cyclized residues. Thus this compound shows 

better activity than other cyclic analogues, but is not as potent as glucagon itself. 

I i I I 
Analogues [Lys12, Asp15]glucagon-NH2 (3) and [Asp15, LyslB]glucagon-NH2 (4) have 

their modifications located in the middle portion of the molecule between the N-terminal 

region and the C-terminal region. As a connector, this portion of the molecule is the key 

bridge between the two terminals. The conformational change of this middle region can 

alter the relative position as well as the ability to change between the N-terminal region and 

the C-terminal region, which can in turn affect the cooperation of these two functioning 

parts of the molecule. Therefore, these two analogues show poorer binding and antagonist 

activities. 

I I 
The analogue [Lys12, Asp21]glucagon-NH2 (6) with the big cycle ties together the 

possible reverse turn at the N-terminal and the well-defined a-helical structure at the C-

terminal. This analogue has significant binding potency and enzyme activity. The Chou-

Fasman prediction did not give any indication of a possible reverse turn in the cyclized 

region from 12 to 21. However, the prediction by Kuntz's method did show the possibility of 

having a reverse turn at Asp15 to LysIS. The bioactivity of this global cyclic analogue 

suggests that the distance between these two functional parts of the molecule in natural 

glucagon can not be too far apart in space. In order for analogues to make these two 

residues close, either at least one reverse turn within 12 to 21 residues needs to be present 

or this portion of the molecule has to be flexible enough to be able to bend. Even if there is a 

reverse turn at 15 to 18, it may not be a well-defined turn since we already know that 

analogue [~pI5, L~sIB]glucagon-NH2 (4) does not have good binding potency. 
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As for the superagonist series, it is more convenient to analyze the helical wheel of 

the C-terminal instead of the entire conformation of the molecule, since all of the changes 

have been made within the C-terrninal a-helical region. Moreover, the commonly used 

prediction methods can only be applied to the native amino acids and not to the unusual 

amino acids like Orn and NIe. The helical wheel prediction then provides a simple and 

reasonable approach. All changes in the superagonist series are within the hydrophilic half 

of the helical wheel. 

When glucagon binds to a receptor or when a hormone approaches a membrane, the 

environm.,ut around the molecule changes from hydrophilic to lipophilic. Anything which 

increases the Iipophilical portion of the helix wheel will certainly favor this thermodynamic 

transition. From the helical wheel (Figure 6.2), one can regard Gln20 and GIu24 as the large 

polar residues which can stabilize the adjacent nonpolar clusters by shielding them from 

solvent, so it can be counted as the lipophilic side of the wheel according to the prediction 

rule. The lipophilicity of the adjacent position 17 becomes very important. Replacing ArgI7 

with the hydropathic value of -4.5 (Kyte and Doolittle, 1982) with Nle17 with the 

hydropathic value of 2.7, as in [NleI7, LysIB, Glu2l]glucagon-NH2 (8), will increase the 

lipophilic portion of the helical wheel up to two residues. For the same reason, Lys 

(hydropathic value of -3.9) is more lipophilic compared to Arg. A change from ArgI7 to LysI7 

as in analogue [Lys I7]glucagon-NH2 (9) favors the lipophilic environment during the 

hormone-receptor interactions. 

On the other hand, the change in the 18 position is not as effective as that in the 17 

position, because Thr29 already breaks the continuation of the hydrophobic portion of the 

wheel. Therefore analogue [LysIB]glucagon-NH2 (10) does not show higher potency than 

native glucagon. Similarly, Orn has one methylene group less than Lys so Orn is more 
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hydrophilic than Lys. That is, it will not help very much in the thermodynamic aspect 

compared to glucagon. 

The above analysis is consistent with the bioassay results of the four superagonist 

analogues. Those results showed that analogues [NleI7, Lysl8, Glu21]glucagon-NH2 (8) and 

[Lys17]glucagon-NH2 (9) gave better binding potency and adenyl ate cyclase activity than 

[Orn I7.I8, Glu12]glucagon-NH2 (7) and [LysI8]glucagon-NH2 (10). 

Computer modeling of glucagon and its analogues 

Many molecular modeling programs have been developed which permit one to build, 

manipulate, and study various molecules. The program Sybyl for the Silicon Graphics IRIS 

workstation is considered an excellent choice for our purpose. We used it for energy 

minimization and model building studies of glucagon and its analogues during this 

investigation. The detailed theory and techniques used in the computer modeling are 

beyond the scope of this dissertation. However, some basic principles about computer 

modeling will be briefly described in the following sections. 

(i) Establish a force field 

A peptide molecule is a collection of atoms connected by bonds with various forces. 

These forces, resulting from interactions among atoms, depend on the relative positions of 

these atoms making up the molecule. The geometry and dimension of the most commonly 

occurring trans-peptide bonds are shown in Figure 6.4. They were derived by Pauling et al. 

(1951) from crystal structures of molecules containing one or more peptide bonds. The 
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rotation around a peptide bond is inhibited by resonance. The backbone of a polypeptide 

chain can be defined by two dihedral angles per residue. Under the assumption of rigid 

peptide bonds and fixed bond lengths and angles, the conformation of a polypeptide chain 

can be simply described by the dihedral angles <I> and 'I' at the en-atom. The interactions 

among the atoms can be described by potential energies as a function of the structural 

features of the molecule such as the bond lengths, bond angles, and nonbonded interactions. 

The combination of these potential energy functions makes up a force field. 

The bonds in a molecule have their "natural" lengths and angles, thus a natural 

geometry for the molecule in its free form. In general, however, steric, electrostatic, and 

other strain forces must be included for the actual structure. The energy, E, of the force 

field in a molecule can then be approximately written as a sum of various energy 

contributions (Brooks et ai., 1983), 

E = :LEs/r + :LEbend + :LEoop + :LE/ors + :LEudw + 

[:L E e1e + :L Edis/3 + :LEang_c + :LE/or_c + :LErange_c + :LEmulIi + :LE/ield-fil] 
(6.1) 

where 

E str is the energy of a bond stretched or compressed from its natural bond length, 

Ebc1ICi is the energy of bending bond angles from their natural values, 

Eoop is the energy of bending a planar atom out of its plane, 

Etors is the torsional energy due to twisting of the bonds, 

Eudw is the energy due to van der Waals non bonded interactions, 

Eele is the energy due to electrostatic interactions, 

Edist_c is the energy associated with distance constraints, 

Eang_c is the energy associated with angle constraints. 
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Etor _c is the energy associated with torsion angle constraints, 

Erange_c is the energy associated with range constraints, 

Emulti is the energy associated with multifits, 

E/ieldJit is the energy associated with field fit. 

Of course, the total energy E here is only a measure of the relative intramolecular 

strain, i.e., E is the difference in energy between a real molecule and the hypothetical free 

molecule of which all the structural features, such as bond lengths and bond angles, are at 

their ideal or "natural" values. 

A set of force field potential functions of a molecule contains adjustable parameters 

to be optimized for a best fit between calculated and experimental properties of the molecule 

such as geometry, conformational energy, heat of formation, and so on. The basis of the 

force field is the choice of atom types, such as C(aromatic), C(sp3), N(amide), etc. 

The parameter optimization process involves solving a set of equations for each and 

every energy terms above. There can be thousands of parameters needed to describe the 

force field of a peptide molecule. With more and more powerful modern computers available, 

the task can be achieved even for a very large molecule. One of the force fields one can find 

in literature is the Tripos 5.2 force field for the Sybyl molecular modeling package (Clark et 

al., 1989). Illustrated here are the force field equations used in Tripos 5.2 for conformational 

calculations. 

Bond Stretching Energy Term: 

(6.2) 



where 

di = length of the ith bond (A) 

dOi = equilibrium length for the ith bond (A) 

kdi = bond stretching force constant (kcallmole.A2) 

Angle Bending Energy Term: 

where 

ei = angle between two a<ljacent bonds(degree) 

eOj = equilibrium value for the ith angle (degree) 

kOj = angle bending force constant (kcal/mole.degree2) 

Out of Plane (oop) Bending Energy Term 

E _ Noop 1kooPd2 
oop- ,L -2 j j 

.=1 

where 

dj = distance between the center atom and the plane of its substitutes (A) 

kOOPj = out of plane bending constant (kcallmole.A2) 

Torsional Energy Term: 

where 

VCiJi = torsional barrier (kcal/mole), 

Sj = +1 minimum energy when staggered, or -1 minimum energy when eclipsed, 

nj = periodicity, 
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(6.3) 

(6.4) 

(6.5) 
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Wi = torsion angle. 

van der Waals Energy Term: 

Lennard-J ones (6.6) 

where 

Eij = van der Waals constant (kcal/mole) 

aij = rij / (Ri + R) 

rij = distance between atoms i and j (A) 

Hi = Van der Waals radius of the ith atom (A) 

Hydrogen Bonding Term: 

The van der Waals interactions between N, 0 and F and the hydrogens bonded to N, 0 or F 

are omitted. 

Electrostatic Energy Term: 

where 

Dij = value of dielectric function for atoms i and j 

Qi = net atomic charge at ith atom (e-) 

rij = distance between atoms i and j (A) 

332.17 = a unit conversion factor 

(6.7) 
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(ii) Energy minimization 

As mentioned earlier, the overall potential energy of a molecule is a function of the 

atomic coordinates, E=E(x). For a peptide or a protein molecule containing N atoms, there 

are 3N components X=(Xl, X2, Xa, ... , Xn ) of the atomic coordinates (3N degrees of freedom). 

A stable molecule has such a structure that the corresponding energy is minimum 

E(x')=min(E(x». Given a set of atoms of which a molecule is made, there can be several 

minimum energy configurations. The structure with the lowest minimum energy, 

appropriately called the global energy minimum, is most stable, and presumably is the 

structure of the molecule in its natural state. The computer modeling of a molecular 

structure involves finding the set of x=x', for which the energy E has the minimum. This 

method is generally referred to as the energy minimization method. There are several 

mathematical approaches for the energy minimization. Each has its pros and cons under 

different circumstances. In this study, we use the so-called "descent series method". It is an 

interactive method in which the atomic coordinates can be modified from one iteration to the 

next in order to decrease the energy. However, this method generally is unable to find the 

global energy minimum. Most of the time, one can only find a local minimum, usually one 

close to the starting set of coordinates. The only way to find the global minimum is to 

systematically explore different sets of starting coordinates. They can be generated by 

elaborate geometry calculations or postulated on the basis of experimental data (e.g. NMR 

studies or crystallographic results). 

The mathematical approach for locating minimums of a function can be grouped into 

those using no-derivatives, those using first derivatives only, and those using both first and 

second derivatives. The energy "minimizer" available to Sybyl is MAXlMIN2, which uses a 

combination of first and non derivative methods. In some molecules with highly distorted 
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structures, the potential energy surfaces and their derivatives are often discontinuous. In 

those cases, a derivative-based approach can not be applied. The Simplex method, a non

derivative-based procedure, can handle such cases. The first derivative method used in 

MAXIMIN2 adjusts the atomic coordinates of all the atoms simultaneously based on the first 

derivative of the energy equation with respect to each coordinates. The procedure starts 

from a structural position (a position in 3N-dimensional space), perhaps an educated guess 

of the structure of the molecule under study. From the initial position, one advances one 

step in the 3N-dimensional space in the direction along which the energy decreases. This 

direction is determined by the first derivatives. The procedure is repeated. So a sequence of 

steps is taken in that direction until a minimum is reached. Then, a quadratic interpolation 

is performed until the minimum is isolated to a required accuracy. 

(iii) Modeling glucagon and its analogues 

The starting information for the computer modeling study of glucagon in this 

investigation was from various sources. They include x-ray crystal structures of glucagon 

and the superagonist [Lys17,18, Glu21]glucagon, theoretical protein secondary structure 

prediction methods, CD experimental results, and other data existing in the literature. 

Naturally, the experimental results from our own study of the conformational constrained 

cyclic glucagon analogues and superagonist analogue series form the essential basis. 

The x-ray crystal structure of glucagon was obtained through SybyllBiopolyrner in 

the Brookhaven Protein Data Bank. The structure is shown in Figure 6.5 and the backbone 

conformation is given in Appendix E. The x-ray crystal structure of the superagonist 

[Lys17,18, Glu21]glucagon was obtained from Steve Burley, who has been working on the x-



139 

Figure 6.5 X-ray crystal structure of glucagon. 
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ray crystallography of this compound in collaboration with our group (unpublished results). 

The structure is shown in Figure 6.3. The backbone information is listed in Appendix F. The 

crystal structures of the two structures have similar overall conformational features - nearly 

70 to 80% of the molecules are a-helix. 

The difference in the x-ray crystal structure between glucagon and the superagonist 

analogue [Lys17.18, Glu21]glucagon lies in the a-helical pattern. Glucagon shows deviations 

from the so-called perfect a-helices even within the portion of the molecule which bears the 

closest resemblance to an a-helix structure. It has <l> = -58 and 'I' = -47 for all the residues in 

the Sybyl program. The imperfect points manifest themselves by the amino acids with non

compatible <l> and 'I' angles compared to the above <l> and 'I' values. These distortions, which 

occur as early as Glu20 (counting from the C-terminal), keep the C-terminal from forming a 

consistent amphiphilical helix. The superagonist, on the other hand, shows fewer a-helix 

breaking patterns. In fact, the C-terminal a-helix is able to stretch out until about Lys12 

(This pattern can easily be visualized through computer models). 

The crystal structures of glucagon and its analogues represent only a couple of 

conformers among many other possible conformations of the molecule. For large proteins, 

the crystallization process usually pick out the most abundant conformer in solution. 

Thermodynamically, those conformers should have the lowest global energy. However, from 

CD experiments and other evidences we have, we know that glucagon does not have a welI

defined structure in dilute solution and it is easy to aggregate in concentrated solutions. 

Significant conformational changes must have occurred during the crystallization process. 

Therefore, the x-ray crystal structure may not represent one of the most important 

conformers in solution. In order to shine some lights on this matter, we used the energy 
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minimization method to investigate the conformations of glucagon and the superagonist 

glucagon analogue using their x-ray crystal structures as the starting sets of coordinates. 

After energy minimization, the total energy of the glucagon x-ray crystal structure 

is -22.926 kcallmole. That of the superagonist analogue [Lys17,18, Glu21]glucagon is -23.998 

kcallmole (Table 6.2). The superagonist gives a slightly lower total energy than glucagon. 

This insignificant difference arises mainly from the van der Waals energy term. However, 

comparing the conformations of glucagon before and after energy minimization, the 0.-

helical feature has increased significantly. The most obvious change occurs between Phe6 

and Ser16. As mentioned earlier, this region of the crystal structure of glucagon shows a less 

perfect a-helical pattern. This has been corrected after the energy minimization. In fact, the 

conformation after the energy minimization extends a nearly perfect a-helix up to residue 6. 

Similarly, the superagonist conformation after the energy minimization also gives a slight 

improvement on the a-helix but not as dramatic as glucagon. Again, the two molecules still 

show very similar conformational features even after energy minimization. 

It is of interest to compare the values of the total energy calculated by Sybyl for all 

of the analogues synthesized in this investigation (Table 6.2). Three antagonist analogues 
r-::---t i, r , 

[Asp9, Lys12]glucagon-NH2 (2), [Lys12, Asp15]glucagon-NH2 (3), and [Asp15, Lys18]glucagon-

NH2 (4) show lower total energies than any of the agonist analogues, partial agonist 

analogues, and even glucagon. This result is in contradiction to the general belief that a 

cyclization usually causes an increase in angle bending energy and angle torsion energy as 
i , ~ 

found in the cases of analogue [Lys12, Asp21]glucagon-NH2 (6) and analogue [Lysl7, LysIS, 
-, 
Glu2l]glucagon-NH2 (5). Two hypotheses can be made regarding this fact. First, the 

cyclizations in these cyclic analogues alter the intramolecular interactions in a way that 
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Table 6.2 Energy values (Real/mole) of glucagon and its analogues generated by Sybyl. 

Structure Etat. '1' aLt Ebcnd Eillt EDlIn El£dwHI Exdw 
1 -22.926 1.154 44.200 18.865 0.208 -4.973 -82.380 
2 -23.998 1.236 48.836 26.843 0.455 -5.797 -95.57 
3 -26.126 1.194 45.128 18.187 . 0.174 -4.913 -85.932 
4 -37.377 1.166 43.197 16.684 0.159 -4.975 -93.609 
5 -32.872 1.193 44.567 15.876 0.187 -3.863 -90.832 
6 4.135 2.668 64.920 42.907 3.483 12.189 -122.03 
7 2.790 1.967 55.419 28.710 0.490 -4.522 -79.295 
8 -13.779 2.516 61.426 27.178 5.376 10.543 -120.82 
9 -15.728 2.507 61.361 27.485 5.365 10.966 -123.42 
10 -15.299 2.568 61.848 27.815 5.346 11.070 -123.94 
11 -15.108 2.526 61.812 27.727 5.331 11.338 -123.85 

1) glucagon crystal structure after energy minimization. 
2) su~nist [Lys17.18, Glu21)glucagon crystal structure after energy minimization 
3) [~p9, Ly~12)glucagon-NH2 
4) [Ly~ld Asp16Jglucagon-NH2 
5) [Aspl , Lys16]glucagon-NH2 
6) [Lys17, Lysl8, Glh21)glucagon-NH2 
7) [Lys12,Asj,21)glucagon-NH2 
8) [Orn17.16,Glu21)glucagon-NH2 
9) [Nle17,Lys16,Glu21)glucagon-NH2 
10) [Lys17)glucagon-NH2 
11) [Lys16)glucagon-NH2 

releases some of the structural tensions in the native glucagon molecule. These structural 

tensions may actually be important for the glucagon signal transduction processes. Second, 

the glucagon crystal structure is too rigid to be used as the starting point for energy 

minimization process. In other words, such a energy minimization fails to lead to a 

conformation with the global minimum energy. The second explanation was supported by 

the results of the peptide dihedral angle calculations shown in Appendixes E and F. From 

those two tables, one can see that there are no significant conformational changes among 

the cyclic analogues due to the energy minimization, except a few residues which are 

directly involved in the cyclization. This argument is further supported by the energy 
i j 

minimization of the global cyclic analogue [Lys12, Asp21]glucagon-NH2 (6). In this case, the 



143 

total energy of this analogue is higher than the other three analogues (2), (3), and (4), even 

though it is a partial agonist while the other three are antagonist. We believe, therefore, 

that the crystal structure with high a-helical contents is unlikely to be one of the most 

populated conformers in solution phase. Using it as the starting point for energy 

minimization will not lead to the conformation with the global minimum energy. 

For the linear analogue series, the energy minimization started from the crystal 

structure of the superagonist analogue [Lys17.18, Glu21]glucagon. Among the four linear 

analogues, there are no significant differences in the total energies or in the dihedral angle 

values. They are all nearly identical to the superagonist conformation after energy 

minimization. The bioassay results, however, indicated some differences in binding and 

adenylate cyclase activities among the four analogues. Nevertheless, the differences are not 

as big as those observed in the cyclic series. It would be hard to pinpoint the sources of the 

differences. A slight change in conformation, topology, or just the charge effect may be 

responsible. Again, the results obtained in the superagonist series show a lack of flexibility 

for the superagonist crystal structure as the starting point for the energy minimization. 

As mentioned above, it is very critical to chose the right conformation as the starting 

point for energy minimization in order to find the globally lowest energy state. Based on the 

results of the conformation predictions and the CD experiments discussed previously, it is 

only reasonable to believe that the conformation in solution is quite different from that in 

the solid phase. 

Since the x-ray crystal structure was found to be a poor starting point for the energy 

minimization, another approach was tried. Several models were built based on the results of 

our bioassays, the CD experiments, and the theoretical predictions discussed in the first half 

of this chapter. These models are shown in Appendix G. Model A has the structure feature 
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of f3-turns at 2-5 and 8-11, the a-helix from 19 to 29, and random coils for the rest of the 

molecule. Model B differs from model A by adding a f3-sheet at 6 to 9. Instead the f3-turn at 8 

to 11, Models C and D have f3-turns at 10 to 13. Model E is similar to model D but with an 

extended a-helix from 14 to 29. These models were energy minimized and compared (Table 

6.3). Comparing models A and B to models C and D, one can see that the f3-turn at 10 to 13 

have significant effects on the total energy. In the early protein secondary structure 

prediction, we found that the 8 to 11 had more propensity than 10 to 13. From the modeling, 

we found that the f3-turn in 10 to 13 is more effective in terms of lowering the total energy 

than the f3-turn at 8 to 11. By comparing models C to D, it seems that the f3-sheet from 6 to 

9 also has a dramatic impact on the stability of the molecule. The total energy of model D 

has changed significantly due to the addition of f3-sheet in it. Also, model E, which has an 

extended a-helix from the C-terminal, is more stable than model D. This indicates that the 

middle portion of the molecule, from 14 to 18, might be flexible in nature. Therefore, it is 

thermodynamically ready to transform into an a-helix conformation whenever the 

environment is favorable, presumably in the lipophilic environment near a membrane. 

Table 6.3 Energy values (KcaVmole) for proposed glucagon models generated by Sybyl. 

Model Structure E 1at To1[ EbcDd E Ia[ EOOD El£dl/il-~ El£dl/i 
A l3-turn: 2-5, 8-11 47.17 1.124 107.650 22.063 0.113 -7.994 -75.782 

a-helix: 19-29 
B l3-turn: 2-5, 8-11 45.01 1.096 105.676 22.382 0.156 -8.053 -76.245 

a-helix: 19-29 
l3-sheet: 6-7 

C l3-turn: 2-5, 10-13 37.08 1.083 104.060 19.724 0.123 -7.940 -80.612 
a-helix: 19-29 

D l3-turn: 2-5, 10-13 -19.54 1.058 43.920 21.680 0.106 -8.716 -77.589 
a-helix: 19-29 
l3-sheet: 6-9 

E l3-turn: 2-5, 10-13 -29.02 1.024 43.093 19.539 0.137 -8.367 -84.448 
a-helix: 14-29 
l3-sheet: 6-9 
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By examining the structures of models D and E, which have significantly lower 

energies than models A, B, and C, it is very clear that the thermodynamically favorable 

conformation has an r shape. The middle portion of the molecule and the a-helix C-terminal 

portion of the molecule are one arm, while the N-terminal makes up the other. By now, one 

can perhaps construct a model for the possible bioactive conformation of glucagon. In a 

dilute solution, the molecule is very flexible due to the lack of a well-defined structure. 

However, when it enters a lipophilic environment of plasma membranes during the binding 

process, it gradually forms a well-defined structure. The conformational features of this 

structure are those similar to our experimental findings. The C-terminal of a well-defined a

helical conformation will bind to the receptor possibly by penetrating into the membrane 

and extending the a-helical structure to the middle portion of the molecule. The extension of 

the a-helix and binding potency depend on the length and the amphiphilic nature of the a

helix and the primary structure of the C-terminal. Next, the middle portion of the molecule 

uses its flexibility to direct the correct folding of the molecule to a particular conformation, 

e. g., the r shape. This will draw the N-terminal portion of the molecule close to the 

membrane surface so that the N-terminal region can associate with the receptor at a proper 

position for signal transduction to occur. The cyclized glucagon analogues inhibit this 

conformational transferring process at certain stages to various extent, so their potencies 

are lowered in various degrees. On the other hand, in the analogues of the superagonist 

series, the modifications only in the a-helical C-terminal region do not change the structure 

so as to effect the whole process in any essential way, and thaus the effect on their 

bioactivity is less dramatic. 
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Conclusion and future perspective 

According to the secondary structure prediction methods, the a-helical region is 

located from Thr29 to Arg1B residues and can be extended to Leu 14. Ser2 to Thr5, SerB to 

SerH, or Tyr10 to Tyr13 are the most likely reverse turn locations. Other possible reverse 

turns, which may be less well-defined, are located in the middle portion of the molecule 

between 12 and 21. The N-terminal region from Ser2 to Tyr10 has a high tendency to form 13-

sheets. The middle portion of the molecule plays a communication role between the 

functional C-terminal and N-terminal regions of the molecule. It needs to maintain its 

flexibility for a full bio-response. The analogues which increase lipophilicity of the residues 

in the lipophilic arc of the helical wheel can be expected to have higher binding potencies. 

The inconsistency between the total energy value and the bioassay results suggest 

that the solid-phase x-ray crystal structure is unlikely to be the bioactive conformation. It is 

too rigid to be used as the starting point for locating the global energy minimum. 

The modeling results suggest the conformations of the J3-turn at 2 to 5 and 10 to 13, 

J3-sheet at 6 to 9, and an extended a-helix from 14 to 29 are thermodynamically most 

favorable. A hypothesis can be proposed for the mechanism of the receptor binding process. 

During the process, the glucagon molecule may have several conformational changes. The 

final conformation of the process, which is also the possible bioactive one, has an r shape 

with the C-terminal buried into the membrane while the N-terminal is on the surface of the 

membrane. This hypothesis is consistent with the consideration that the C-terminal, the N

terminal, and the middle portion of the molecule have distinguished, yet cooperative roles 

during the receptor recognition process. The C-terminal is responsible for binding, N-
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terminal is important for signal transduction, while the middle portion of the molecule 

directs the correct folding of the molecule. 

To further test and evaluate the above working models of glucagon, one could use de 

novo design to build analogues with the similar amphiphilic a-helix in nature in the C-

terminal and flexibility in the middle portion of the molecule. The structure-activity studies 

of these analogues could further verify and improve the above working model. However, 

prior to any such design, more conformational information is needed. Therefore, NMR, 

computer modeling, as well as other studies should be conducted to find the possible lowest 

energy conformation with more precise information on the atomic coordinates. 

Finally, it should be commented that, from the viewpoint of future design of good 

glucagon antagonist analogues as potential drugs for curing diabetes, there is significant 

evidence that the binding features and the signal tl°ansduction features are distinguishable 

within the molecule. A good antagonist design should maintain the structural feature of the 

C-terminal and modify both the middle and N-terminal portions of the molecule. The 

structural features in the middle portion of molecule deserve more attention in the future 

design of agonist and antagonist glucagon analogues. 
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Appendix A CD Experiment on Concentration Dependence 

Analogues Conc.(f!M) Cq CB Ct Cr 

glucagon 18 0.00 0.33 0.00 0.67 
36 0.00 0.38 0.02 0.60 
72 0.06 0.37 0.00 0.57 
144 0.01 0.41 0.00 0.57 
289 0.00 0.54 0.07 0.39 
578 0.00 0.00 0.28 0.72 
1160 0.11 0.00 0.42 0.47 

r::-I 18 0.04 0.49 0.00 0.47 
[Asp9, Lys12, LysI7,18, Glu21]glucagon-NH2 36 0.12 0.41 0.00 0.48 

72 0.11 0.34 0.04 0.52 
144 0.10 0.38 0.00 0.53 
289 0.32 0.13 0.27 0.28 
578 0.00 0.00 0.21 0.79 
1160 0.13 0.00 0.40 0.47 

r::-r 18 0.00 0.55 0.05 0.39 
[Asp9, Lys l2]glucagon-NH2 36 0.00 0.56 0.04 0.39 

72 0.00 0.53 0.02 0.44 
144 0.00 0.47 0.08 0.45 
289 0.00 0.31 0.18 0.51 
578 0.02 0.10 0.29 0.59 
1160 0.00 0.00 0.36 0.64 

r-:::--1 18 0.00 0.38 0.10 0.52 
[LysI2, Aspl5]glucagon-NH2 36 0.00 0.40 0.11 0.49 

72 0.00 0.50 0.00 0.50 
144 0.00 0.40 0.09 0.51 
289 0.03 0.26 0.22 0.49 
578 0.00 0.00 0.34 0.67 
1160 0.13 0.00 0.44 0.44 

r-::---1 18 0.22 0.00 0.20 0.59 
[AspI5, Lys l8)glucagon-NH2 36 0.04 0.47 0.05 0.44 

72 0.03 0.44 0.00 0.53 
144 0.00 0.44 0.00 0.56 
289 0.07 0.32 0.16 0.45 
578 0.09 0.05 0.30 0.55 
1160 0.06 0.00 0.38 0.56 

.-:-::--l 18 0.00 0.79 0.05 0.16 
[Lys l7, Lys lB, Glu21 )glucagon-NH2 36 0.00 0.50 0.00 0.50 

72 0.00 0.31 0.19 0.49 
144 0.00 0.55 0.04 0.41 
289 0.00 0.31 0.19 0.50 
578 0.05 0.11 0.31 0.53 
1160 0.00 0.00 0.37 0.63 

I I 18 0.00 0.52 0.02 0.46 
[Lys 12, Asp21 )glucagon-NH2 36 0.00 0.56 0.00 0.44 

72 0.00 0.50 0.04 0.46 
144 0.01 0.53 0.07 0.39 
289 0.02 0.33 0.19 0.46 
578 0.00 0.23 0.23 0.53 
1160 0.00 0.05 0.34 0.61 

[Orn17,18, G1u21 )glucagon-NH2 18 0.07 0.45 0.00 0.48 
36 0.05 0.55 0.00 0.41 
72 0.05 0.55 0.00 0.39 
144 0.05 0.52 0.04 0.39 
289 0.09 0.34 0.17 0.40 
578 0.12 0.24 0.23 0.41 
1160 0.04 0.20 0.23 0.53 
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Analogues Conc.(pM) Cq CB Ct Cr 
[NleI?, LysIB, Glu21 jglucagon-NH2 18 0.11 0.33 0.00 0.56 

36 0.14 0.29 0.00 0.56 
72 0.14 0.30 0.00 0.57 
144 0.12 0.35 0.00 0.53 
289 0.16 0.43 0.05 0.36 
578 0.16 0.22 0.16 0.46 

1160 0.12 0.00 0.32 0.56 
[LysI7jglucagon-NH2 18 0.00 0.54 0.01 0.45 

36 0.00 0.60 0.00 0.40 
72 0.00 0.52 0.04 0.34 
144 0.04 0.49 0.04 0.43 
289 0.18 0.14 0.30 0.39 
578 0.08 0.24 0.19 0.48 
1160 0.00 0.09 0.26 0.64 

[Lys lBjglucagon-NH2 18 0.04 0.33 0.07 0.56 
36 0.00 0.51 0.03 0.46 
72 0.01 0.56 0.00 0.43 
144 0,01 0.48 0.04 0.48 
289 0.02 0.37 0.12 0.49 
578 0.09 0.21 0.23 0.46 
1160 0.00 0.00 0.33 0.67 
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AppendixB CD Experiment on pH Dependence 

Annlogues pH ea en c" er 

glucagon 1 0.00 0.25 0.25 0.50 
2 0.00 0.34 0.22 0.45 
3 0.00 0.52 0.10 0.38 
4 0.00 0.31 0.00 0.69 
7 0.00 0.54 0.07 0.39 
9 0.00 0.46 0.00 0.54 
10 0.00 0.53 0.06 0.41 
11 0.00 0.43 0.11 0.46 

r-::--1 1 0.02 0.53 0.12 0.34 
[Asp9, Lysl2, Lysl7,l8. Glu2l jglucagon-NH2 2 0.00 0.44 0.13 0.44 

3 0.00 0.55 0.06 0.40 
4 0.02 0.57 0.00 0.41 
7 0.03 0.61 0.00 0.36 
8 0.02 0.60 0.00 0.38 
9 0.06 0.56 0.00 0.38 
10 0.04 0.60 0.00 0.36 
11 0.04 0.59 0.00 0.37 

r-;:---\ 1 0.00 0.39 0.27 0.34 
[Asp9, Lysl2jglucagon-NH2 2 0.00 0.34 0.25 0.41 

3 0.00 0.55 0.09 0.36 
4 0.00 0.63 0.07 0.30 
7 0.00 0.61 0.07 0.33 
8 0.00 0.55 0.06 0.28 
9 0.00 0.66 0.06 0.28 
10 0.00 0.67 0.06 0.27 
11 0.00 0.61 0.06 0.32 

r-:-::--1 1 0.00 0.19 0.31 0.50 
[Lysl2, Aspl5jglucagon-NH2 2 0.00 0.23 0.30 0.48 

3 0.00 0.45 0.13 0.41 
4 0.00 0.45 0.15 0.40 
7 0.00 0.57 0.07 0.36 
8 0.00 0.52 0.11 0.37 
9 0.00 0.53 0.06 0.41 
10 0.00 0.57 0.07 0.35 
11 0.00 0.64 0.12 0.24 

r-;;:--I 1 0.00 0.35 0.24 0.42 
[Aspl5, Lys l8jglucagon-NH2 2 0.00 0.36 0.21 0.44 

3 0.00 0.55 0.09 0.36 
4 0.00 0.59 0.06 0.35 
7 0.00 0.62 0.04 0.33 
8 0.00 0.65 0.03 0.32 
9 0.00 0.64 0.02 0.34 
10 0.00 0.67 0.01 0.32 
11 0.00 0.67 0.01 0.32 

r-:-::---o 1 0.00 0.10 0.33 0.58 
[Lys l7, Lysl8, Glu2l jglucagon-NH2 2 0.00 0.52 0.11 0.37 

3 0.00 0.38 0.16 0.47 
4 0.00 0.37 0.15 0.48 
7 0.00 0.44 0.13 0.44 
8 0.00 0.40 0.13 0.47 
9 0.00 0.44 0.10 0.46 
10 0.00 0.46 0.09 0.45 
11 0.00 0.22 0.24 0.54 
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Analogucs pH Cn CB Ct Cr 

r-----t 1 0.00 0.21 0.30 0.48 
[Lys12, Asp211glucagon-NH2 2 0.00 0.42 0.20 0.38 

3 0.00 0.55 0.11 0.34 
4 0.00 0.56 0.09 0.35 
7 0.00 0.61 0.08 0.31 
8 0.00 0.62 0.05 0.32 
9 0.00 0.61 0.06 0.33 
10 0.00 0.63 0.06 0.31 
11 0.00 0.61 0.07 0.32 

[Orn17,18, G1u21 jglucagon-NH2 1 0.00 0.19 0.25 0.56 
2 0.00 0.52 0.11 0.38 
3 0,01 0.63 0.00 0.35 
4 0.01 0.67 0.00 0.31 
7 0.03 0.65 0.00 0.33 
8 0.04 0.63 0.00 0.33 
9 0.04 0.61 0.00 0.35 
10 0.02 0.62 0.00 0.36 
11 0.07 0.23 0.24 0.46 

[Nlc l7, Lys18, G1u2l1glucBgon-NH2 1 0.00 0.38 0.16 0.46 
2 0.00 0.44 0.13 0.44 
3 0.00 0.56 0.05 0.39 
4 0.01 0.65 0.00 0.34 
7 0.04 0.61 0.00 0.35 
8 0.05 0.59 0.00 0.36 
9 0.05 0.61 0.00 0.34 
10 0.05 0.55 0.00 0.40 
11 0.00 0.19 0.15 0.66 

[Lysl71glucBgon-NH2 1 0.00 0.15 0.32 0.64 
2 0.00 0.39 0.19 0.42 
3 0.00 0.56 0.06 0.38 
4 0.00 0.61 0.00 0.39 
7 0.00 0.66 0.02 0.31 
8 0.00 0.69 0.02 0.29 
9 0.00 0.71 0.00 0.29 
10 0.03 0.57 0.00 0.41 
11 0.00 0.66 0.02 0.33 

[Lys18jglucBgon-NH2 1 0.00 0.22 0.29 0.49 
2 0.00 0.39 0.21 0.40 
3 0.00 0.64 0.06 0.40 
4 0.00 0.61 0.03 0.36 
7 0.00 0.66 0.02 0.31 
8 0.00 0.63 0.04 0.34 
9 0.00 0.66 0,01 0.33 
10 0.00 0.67 0.00 0.33 
11 0.00 0.70 0.00 0.30 
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Appendix C CD Experiment on TFE Dependence 

Analogues TFE(%) Ca CB Ct Cr 

glucagon 5 0.00 0.55 0.02 0.43 
10 0.16 0.41 0.00 0.44 
20 0.31 0.23 0.00 0.47 
35 0.65 0.00 0.00 0.45 
50 0.65 0.00 0.00 0.45 

~ 5 0.18 0.36 0.00 0.46 
[Asp9, Lys12, Lys17, 18, Glu211glucagon-NH2 10 0.28 0.28 0.00 0.44 

20 0.45 0.06 0.00 0.49 
35 0.56 0.00 0.00 0.45 
50 0.69 0.00 0.00 0.41 

r-:::--c 5 0.00 0.63 0.02 0.36 
[Asp9, Lysl21glucagon-NH2 10 0.04 0.69 0.00 0.37 

20 0.25 0.36 0.00 0.39 
35 0.35 0.25 0.00 0.40 
50 0.40 0.20 0.00 0.40 

~ 5 0.00 0.47 0.D7 0.46 
[Lys l2, Aspl61glucagon-NH2 10 0.05 0.54 0.00 0.41 

20 0.27 0.31 0.00 0.41 
35 0.38 0.21 0.00 0.41 
50 0.37 0.22 0.00 0.41 

~ 5 0.05 0.51 0.04 0.39 
[AspI6, Lysl81glucagon-NH2 10 0.12 0.51 0.00 0.37 

20 0.25 0.36 0.00 0.44 
35 0.32 0.24 0.00 0.44 
50 0.37 0.20 0.00 0.43 

r:-;;--1 5 0.00 0.49 0.08 0.44 
[LysI7, Lysl8, Glu211glucagon-NH2 10 0.02 0.57 0.00 0.41 

20 0.20 0.40 0.00 0.40 
35 0.34 0.25 0.00 0.41 
50 0.36 0.20 0.00 0.44 

r-:-::-1 5 0.00 0.60 om 0.39 
[Lys I2, Asp211glucagon-NH2 10 0.03 0.67 0.05 0.30 

20 0.19 0.44 0.00 0.38 
35 0.24 0.40 0.00 0.36 
50 0.24 0.40 0.00 0.36 

[Om17,18, Glu211glucagon-NH2 5 0.08 0.56 0.00 0.34 
10 0.15 0.51 0.00 0.34 
20 0.27 0.36 0.00 0.37 
35 0.40 0.23 0.00 0.37 
50 0.48 0.09 0.00 0.43 

[Nle l?, Lysl8, Glu211glucagon-NH2 5 0.16 0.46 0.00 0.39 
10 0.19 0.46 0.00 0.36 
20 0.37 0.21 0.00 0.42 
35 0.69 0.00 0.00 0.41 
50 0.36 0.00 0.09 0.66 

[Lys171glucagon-NH2 6 0.03 0.69 0.00 0.37 
10 0.11 0.60 0.00 0.39 
20 0.32 0.30 0.00 0.38 
35 0.60 0.04 0.00 0.46 
50 0.36 0.00 0.10 0.54 

[LysI81glucagon-NH2 6 0.06 0.60 0.00 0.45 
10 0.13 0.45 0.00 0.42 
20 0.34 0.24 0.00 0.42 
35 0.62 0.05 0.00 0.44 
50 0.68 0.00 0.00 0.42 
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Appendix D CD Experiment on SDS Dependence 

Analogues SDS(%) Ca CB Ct Cr 

glucagon 1 0.28 0.46 0.00 0.26 
2.5 0.25 0.50 0.00 0.25 
5 0.63 0.00 0.00 0.38 
10 0.25 0.50 0.00 0.25 

r-:--"1 1 0.38 0.33 0.00 0.29 
[Asp9, Lys12, Lys17,lB, Glu21jglucagon-NH2 2.5 0.35 0.32 0.00 0.33 

5 0.34 0.29 0.04 0.32 
10 0.35 0.27 0.00 0.38 
20 0.30 0.30 0.00 0.39 

r::--1 1 0.25 0.50 0.00 0.25 
[Asp9, Lysl2jglucagon-NH2 2.5 0.25 0.50 0.00 0.25 

5 0.20 0.49 0.00 0.31 
10 0.18 0.43 0.00 0.40 
20 0.12 0.47 0.00 0.34 

r-:::---1 1 0.19 0.53 0.00 0.29 
[Lys12, Asp15jglucagon-NH2 2.5 0.17 0.55 0.00 0.28 

5 0.15 0.50 0.00 0.36 
10 0.21 0.50 0.00 0.29 
20 0.13 0.49 0.00 0.38 

r:-:---J 1 0.25 0.50 0.00 0.25 
[Asp15, LyslBjglucagon-NH2 2.5 0.25 0.50 0.00 0.25 

5 0.18 0.68 0.00 0.24 
10 0.25 0.50 0.00 0.25 
20 0.25 0.50 0.00 0.25 

~ 1 0.25 0.50 0.00 0.25 
[Lys17, LysIS, Glu21 jglucagon-NH2 2.5 0.25 0.50 0.00 0.25 

5 0.19 0.49 0.00 0.33 
10 0.20 0.49 0.00 0.31 
20 0.20 0.43 0.00 0.37 

r~ 1 0.17 0.52 0.00 0.32 
[Lys12, Asp21jglucagon-NH2 2.5 0.19 0.45 0.00 0.36 

5 0.09 0.62 0.00 0.29 
10 0.07 0.63 0.00 0.30 
20 0.05 0.64 0.00 0.41 

[Orn17,18, Glu2l jglucagon-NH2 1 0.17 0.60 0.00 0.23 
2.5 0.16 0.60 0.00 0.24 
5 0.16 0.57 0.00 0.27 

10 0.17 0.36 0.13 0.34 
20 0.19 0.41 0.12 0.29 

[Nle l?, Lys lt1, Glu21 jglucagon-NH2 1 0.39 0.31 0.00 0.30 
2.5 0.34 0.31 0.00 0.35 
5 0.29 0.37 0.00 0.33 
10 0.29 0.36 0.00 0.35 
20 0.37 0.36 0.00 0.27 

[Lys17jglucagon-NH2 1 0.31 0.38 0.00 0.30 
2.5 0.25 0.50 0.00 0.25 
5 0.28 0.46 0.00 0.26 
10 0.21 0.47 0.00 0.32 
20 0.19 0.46 0.00 0.36 

[Lys 18jglucogon-NH2 1 0.25 0.50 0.00 0.25 
2.5 0.25 0.64 0.00 0.21 
5 0.25 0.50 0.00 0.25 
10 0.15 0.64 0.00 0.31 
20 0.24 0.43 0.08 0.26 
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Appendix E Computer Modeling Results of the Cyclic Analogues 

PeEtidesa 

Residue Angle 1 2 3 4 6 6 7 
His I psi -169.36 -133.23 -138.08 -139.46 -139.02 136.06 -134.97 

chi 1 65.30 60.53 60.33 68.66 64.66 63.32 60.37 
chi2 22.74 10.00 7.61 -16.36 -3.20 81.03 10.18 
chi3 179.51 179.65 179.78 179.88 179.82 179.92 179.71 

Ser2 omega 168.95 178.74 178.61 178.7 178.48 179.57 178.81 
phi -21.14 -60.01 -55.24 -55.46 -54.97 50.73 -66.35 
psi -57.67 -32.49 -28.27 -27.77 -27.20 -85.89 -35.40 

chi1 167.85 -163.42 -172.97 -169.96 -170.14 70.38 -173.46 
Gln3 omega -177.61 177.99 178.74 179.9 179.66 177.18 178.97 

phi -74.44 -51.46 -66.90 -60.21 -60.35 -65.20 -6.47 
psi -12.06 -61.95 -64.42 -67.65 -67.76 -41.26 -62.32 

chi 1 -179.34 -158.46 -160.30 -166.00 -157.92 85.66 -169.96 
chi2 164.64 95.03 94.92 85.61 89.50 -77.24 104.80 
chi3 -1.31 10.03 3.21 0.54 -2.65 -17.75 3.66 

G1y4 omega -179.40 177.05 179.74 -179.1 -177.92 -179.49 176.27 
phi -14.59 72.70 77.93 81.14 82.38 -84.17 72.73 
psi 146.32 107.10 116.13 121.48 123.96 120.76 112.61 

Thr° omega -162.53 -179.32 179.63 -179.7 -179.83 -0.56 -178.62 
phi -63.85 -76.39 -83.86 -88.28 -89.82 -141.93 -78.60 
psi 54.62 68.43 59.23 54.27 60.16 169.14 66.43 

chil 122.61 40.27 61.80 65.63 58.76 66.92 63.49 
Phe6 omega 173.92 176.60 178.68 -179.1 -177.76 178.22 174.18 

phi -66.23 -80.90 -70.99 -72.30 -69.30- -151.97 -73.88 
psi -35.44 -32.39 -37.93 -35.23 34.97 -64.32 -37.63 

chi1 -173.05 -170.23 -170.18 -167.61 -168.34 -148.36 -171.65 
chi2 -37.62 -74.19 -80.97 -90.54 -86.41 -113.67 -69.37 
chi3 -179.63 -177.79 179.87 178.63 178.71 179.36 179.70 
chi4 1.76 0.12 0.74 0.74 0.90 0.06 1.07 

Thr7 omega -176.51 -176.40 -179.07 -178.6 -178.31 177.11 -176.96 
phi -49.94 -65.33 -53.38 -53.26 -52.82 -61.35 -50.87 
psi -37.66 -38.84 -38.13 -38.96 -39.71 -43.71 -43.83 

chi 1 -87.30 -46.13 -51.25 -54.37 -56.72 55.65 -52.69 
SerB omega -174.62 -179.32 -176.01 179.8 -179.15 178.08 -176.11 

phi -85.18 -69.86 -41.94 -51.49 -49.11 -39.55 -63.74 
psi -1.63 -19.28 -61.84 -39.04 -43.26 -48.36 -7.83 

chil -66.05 -67.26 -66.18 -63.68 -60.10 -40.31 -62.54 
Asp9 omega 173.37 177.88 -172.26 -178.0 -176.94 176.88 -178.89 

phi -72.32 -71.96 -74.40 -60.00 -67.40 -79.20 -72.49 
psi -52.83 -63.47 -38.63 -58.85 -57.47 -52.75 -40.76 

chi 1 -110.66 -83.68 -93.88 -58.08 -54.65 177.05 -99.76 
chi2 -15.80 -33.48 -76.60 -79.25 71.95 -32.35 

Tyr10 omega -177.46 -172.93 179.68 179.6 -177 .86 -176.60 -166.72 
phi -75.25 -60.52 -60.28 -69.97 -63.21 -41.26 -83.44 
psi -68.80 -44.71 -44.65 -33.94 -39.65 -63.D1 0.64 

chi 1 165.10 170.21 170.70 -178.75 176.87 169.31 161.48 
chi2 -104.38 -110.61 -106.74 -98.70 -103.86 -103.07 -104.63 
chi3 179.38 173.34 165.70 173.17 173.16 166.08 -177.29 
chi4 -0.33 1.68 3.26 1.86 1.96 2.66 0.21 

Serll omega -169.13 -176.04 177.66 179.14 -179.00 -176.71 -167.04 
phi -61.97 -66.16 -67.23 -65.61 -51.36 -38.66 -112.17 
psi 9.62 -30.54 -40.80 -43.87 -44.35 -45.91 114.55 

chil -73.76 -67.27 -53.85 -68.41 -61.46 -66.07 -60.64 
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Residue angle 1 2 3 4 6 6 7 
LysI2 omega 174.80 176.94 174.92 178.10 179.11 177.68 -10.64 

phi -103.41 -62.62 -64.13 -64.03 -60.22 -46.69 41.73 
psi -58.43 -43.04 -42.86 -30.31 -42.99 -47.49 -166.63 

chi 1 -169.30 -170.67 138.66 -167.18 -168.26 -100.06 -141.81 
chi2 -171.58 178.76 -176.33 SO.32 179.87 91.12 160.70 
chi3 -171.69 179.20 81.02 -94.91 -179.82 81.61 -162.63 
chi4 -177.80 177.62 -164.06 101.43 -179.94 -107.44 167.08 

Tyr13 omega 173.12 -177.SO -178.81 179.34 -176.84 176.42 -162.77 
phi -39.56 -61.37 -66.42 -58.66 -62.59 -46.63 66.81 
psi -40.58 -60.68 -61.SO -61.21 -48.86 -56.93 -59.81 

chil 167.24 161.63 158.22 160.33 166.20 166.31 -96.86 
chi2 91.20 76.63 79.19 83.64 79.44 83.88 70.63 
chi3 179.61 -177.02 -176.67 -173.29 -172.33 -177.60 173m 
chi4 -0.91 -1.06 -1.00 -1.58 -1.70 -0.36 0.44 

Leu 14 omega -178.78 -173.28 -172.79 -176.44 -169.39 177.78 177.64 
phi -73.79 -66.62 -64.86 -61.87 -53.32 -61.43 -145.10 
psi -5.66 -40.62 -35.44 -11.76 -41.43 -48.47 40.03 

chil -120.42 -118.79 -120.76 -78.06 -118.55 -166.67 -52.43 
chi2 173.98 176.97 176.88 176.00 176.28 -72.37 159.79 

Asp15 omega 173.16 177.76 177.82 178.00 -179.11 178.26 176.98 
phi -93.59 -49.81 -63.93 -64.40 -68.97 -52.30 -164.34 
psi 4.68 -40.01 -44.72 -61.43 -28.92 -42.97 62.50 

chil -117.37 -104.20 -98.72 -66.48 -88.78 -63.18 -143.08 
chi2 41.80 49.88 63.65 116.66 -91.37 102.07 

Ser16 omega 178.29 178.22 -179.93 -179.14 176.12 177.53 179.82 
phi -113.06 -64.66 -60.13 -71.88 -62.08 -62.15 179.88 
poi -28.81 -51.28 -46.71 -42.67 -42.70 -48.02 -66.81 

chi 1 -163.79 -179.48 -177.10 -177.99 -178.03 -78.43 167.81 
Arg17 omega -179.48 -176.64 -177.10 -174.94 176.42 157.95 

phi -79.76 -69.11 -68.41 -66.61 -59.73 -64.65 
pBi -36.44 -44.02 -46.90 -48.33 -49.71 -14.78 

chi 1 -169.01 -164.09 -165.66 -ISO.49 178.07 -169.77 
chi2 -128.10 -136.06 -125.23 -123.14 -49.69 -133.51 
chi3 -96.08 -116.14 -103.91 -107.80 -114.60 -57.77 
chi4 -174.93 -164.04 -131.28 -106.63 -73.30 -164.60 

Lys17 omega 176.08 
phi -61.67 
pBi -49.76 

chi 1 -96.21 
chi2 137.66 
chi3 51.63 
chi4 69.13 

ArglB omega 176.47 179.16 179.55 179.96 -176.39 
phi -83.10 -62.45 -60.72 -62.53 -47.98 
poi 4.44 -36.14 -35.SO -41.44 -18.63 

chi 1 -171.13 -164.18 -192.20 -162.65 -116.88 
chi2 -99.06 -119.17 -102.67 -84.65 -80.43 
chi3 -123.43 -122.42 -117.17 -120.41 -141.63 
chi4 124.23 -120.09 -89.95 -84.49 -172.26 

LyslB omega 179.71 177.07 
phi -68.22 -49.61 
pBi -41.76 -47.72 

chi 1 147.93 -95.01 
chi2 -161.44 -89.31 
chi3 69.82 9B.31 
chi4 -149.91 -10B.67 
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Residue angle 1 2 3 4 5 6 7 
Ala19 omega 172.57 177.81 177.68 179.05 -178.99 178.94 167.55 

phi -100.89 .ro.21 -59.82 -57.62 -58.79 -52.39 .ro.58 
psi -30.19 -41.33 -46.06 -44.35 -44.78 -51.46 -65.86 

Gln20 omega 172.20 175.88 177.25 178.20 176.70 177.00 172.24 
phi -80.97 -61.96 -58.23 -59.49 -58.29 -54.17 .ro.16 
psi -17.50 -39.51 -39.13 -38.86 -37.68 -45.43 -24.66 

chi1 127.52 171.13 175.25 -171.68 -173.05 -116.70 -30.86 
chi2 146.23 157.20 160.42 -178.46 175.43 70,48 143.81 
chi3 32.95 -15.43 -8.84 -2.05 -3.06 6.26 51.47 

Asp::!l omega -175.53 179.42 179.64 178.27 178.83 172.75 
phi -80.41 -57.83 -57.64 -57.85 -58.48 -73.24 
psi -33.38 -37.93 -39.54 -41.86 -41.52 38.83 

chi 1 -151.81 -137.86 -140.36 -155.47 -148.90 -71.38 
chi2 53.86 63.43 71.12 97.42 90.90 ·31.17 

Glu::!1 omega 177.27 
phi ·51.42 
psi -46.21 

chi 1 145.86 
chi2 -158.70 

Phe22 omega 172.94 177.98 177.72 177.05 177.10 178.48 -173.37 
phi .ro.73 ·57.70 ·57.64 ·57.70 ·57.79 ·56.52 -179.49 
psi -40.12 -43.37 -42.88 -40.75 -41.18 -52.31 -41.89 

chi 1 171.50 169.78 168.64 167.41 167.29 176.89 145,01 
chi2 84.17 BO.73 BO.51 70.60 73.93 57.10 85.03 
chi3 -179.23 -174.65 -175.39 -175.04 -175.79 -179.61 -173.41 
chi4 .(J.39 -1.32 -1.05 -1.70 -1.52 0.37 -1.29 

Val23 omega -173.37 -178.57 -178.85 -179.60 -179.48 178.84 -166.96 
phi -63.37 -51.55 ·52.16 -53.66 -53.71 ·58.13 -47.27 
psi ·5.78 -41.91 -40.95 -43.99 -42.71 -37.61 ·37.65 

chi 1 170.61 -170.58 -173,07 -172.98 -173.41 ·55.16 168.54 
Gln24 omega 175.01 -179.89 178.93 178.35 178.22 176.17 -178.99 

phi -90.76 ·57.46 ·58.53 -59.24 ·59.06 ·52.93 -46.03 
psi ·32.56 -47.41 -48.83 -46.66 -47.80 ·59.24 -41.96 

chil ·166.43 -168.56 -196.14 ·170.40 -170.24 162.46 -166.18 
chi2 -164.15 -159.39 -154.82 -129.09 -140.68 -83.34 -170.99 
chi3 ·121.74 -120.52 -118.88 ·119.04 -117.81 123.78 -117.19 

Trp25 omega ·175.93 178.78 178.26 176.76 177.29 178.08 -179.10 
phi -76.82 -63.59 -62.49 .ro.31 -61.73 -54.11 -61.00 
psi -43.42 -40.95 -42.48 -43.92 -41.67 -42.48 -48.43 

chi1 ·167.71 -170.41 -171.85 178.41 ·177.88 159.59 -165.43 
chi2 65.17 74.26 78.93 96.06 91.93 96.63 69.34 
chi3 -169,01 -179.38 -179.66 -179.30 -179.39 -179.46 -179.48 

Lcu26 omega 178.92 178.90 178.94 -179.24 179.56 179.00 -178.87 
phi -76.87 -71.58 -69.98 -70.40 -71.62 -42.16 ·67.39 
psi 9.46 2.86 4.73 5.54 7.00 -41.72 1.12 

chi 1 -178.33 ·161.05 -158.89 -159.22 -158.35 -72.73 -165.92 
chi2 44.48 63.64 65.28 65.81 67.02 167.95 61.90 

Met27 omega 177.14 ·179.14 178.53 177.55 177.63 178.34 179.00 
phi ·145.30 ·151.38 -154.60 -154.56 -157.25 -77.79 ·148.02 
psi ·93.98 94.71 ·94.18 -88.71 ·90.18 -86.26 ·95.84 

chil ·169.18 176.18 177.34 -176.29 -177.34 -74.41 175.86 
chi2 ·147.99 ·117.61 -116.17 ·112.09 -112.71 69.86 -117.72 
chi3 161.95 168.85 167.63 173.87 173.78 66.82 173,07 
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Residue angle 1 2 3 4 5 6 7 
Asn2B omega -167.47 -178.35 -177.35 -178.54 -177.95 -5.75 -177.35 

phi 15.67 49.22 51.23 53.33 52.56 -97.18 48.93 
psi 64.02 33.55 34.69 37.00 36.85 156.67 34.61 

chi1 -120.72 -126.79 -132.21 -137.29 -139.20 -173.56 -128.43 
chi2 45.46 12.63 6.61 2.15 -1.51 16.34 19.87 

~ omega 171.59 -479.39 -178.76 -178.06 -177.45 179.88 177312 
phi 22.13 57.66 58.56 62.28 61.77 55.63 57.36 
psi -163.15 179.66 178.88 171.58 171.74 -177.66 

chil 97.02 70.64 72.59 77.12 76.55 63.49 72.59 

a 1) x-ray crystnl structure of glucagon 

2) The same as 1) after the energy minimization (see text) 
3) [Asp9, Lys12j-glucagon-NH2 
4) [Lys12, AspI6j-glucagon-NH2 
5) [Asp16, LysISl-glucagon-NH2 
6) [Lys17, LysIS, Glu211-glucagon-NH2 
7) [Lys12, Asp21j-glucagon-NH2 
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AppendixF Computer Modeling Results of the Linear Analogues 

PCl!tidcs 
Rcaiduc Angle 1 2 3 4 5 6 

His! psi 166.21 166.21 135.44 135.89 135.59 135.61 
chi 1 72.92 72.92 62.76 62.49 62.82 62.99 
chi2 62.11 62.11 82.24 82.53 82.53 82.41 
chi3 178.73 178.73 -179.90 -179.75 -179.84 -179.84 

Se~ omcga 164.84 164.84 -179.75 -179.86 -179.71 -179.60 
phi 41.89 41.84 50.71 50.56 50.76 60.39 
psi -87.91 -87.91 -85.35 -85.42 -85.06 -84.92 

chi1 -25.07 -25.07 69.18 70.40 69.97 68.39 
GIna omega 166.98 166.98 176.45 179.55 176.58 176.58 

phi -81.06 -81.06 -65.04 -65.04 -65.56 -65.40 
psi -31.30 -31.30 -42.49 -42.40 -41.95 -42.16 

chi 1 59.38 59.38 86.00 86.16 85.73 -85.83 
chi2 -27.41 -27.41 -78.04 -78.32 -78.18 -77.88 
chi3 -76.67 -76.67 -19.23 -19.33 -19.70 -19.57 

G1y4 omega 173.27 173.27 -179.35 -179.11 -179.37 -479.39 
phi -78.68 -78.68 -82.53 -82.70 -83.08 -82.38 
psi 107.65 107.65 120.65 120.84 120.70 120.81 

Thr5 omcga -3.74 -3.74 -0.81 -0.78 -0.79 ·0.87 
phi -130.03 -130.03 -142.16 -142,01 -142.07 -142.03 
psi 162.59 162.59 186.84 168.92 169.47 169.03 

chil 60.38 60.38 67.28 67.64 67.51 67.36 
Phe6 omcga 162.32 162.32 178.46 178.60 178.55 178.53 

phi -160.24 -150.24 -152.41 -152.79 -153.19 -152.80 
psi -23.96 -23.96 -64.26 -64.52 -64.27 -84.26 

chi 1 -138.91 -138.91 -148.63 -148.68 -149.06 -148.79 
chi2 -142.35 -142.35 -112.99 -112.73 -111.54 -112.10 
chi3 178.29 178.29 179.632 179.33 179.57 179.68 
chi4 -0.16 -0.16 -0.09 0.17 0.00 -0.04 

Thr7 omega 169.25 169.25 176.85 176.74 176.94 176.86 
phi -100.33 -100.33 -51.17 -50.92 -51.10 -51.23 
psi -20.29 -20.29 -43.55 -43.73 -43.80 -43.47 

chi1 35.86 35.86 55.01 55.17 55.43 54.75 
SerB omega 157.70 157.70 177.76 177.82 178.08 177.81 

phi -65.38 -65.38 -39.19 -39.20 -39.38 -392.32 
psi -12.51 -12.51 -49.48 -49.75 -49.52 -49.64 

chil -41.91 -41.91 -42.90 -42.67 -42.15 -42.87 
Asp9 omega 154.47 154.47 176.23 176.28 176.33 176.35 

phi -101.57 -101.57 -77.93 -77.48 -77.58 -77.67 
psi -97.59 -97.59 -54.13 -54.04 -53.23 -53.80 

chil 176.54 176.54 178.51 178.83 179.40 179.09 
chi2 30.48 30.48 70.48 70.65 71.29 70.68 

TyrlO omega -158.22 -15.22 -176.71 -176.82 -176.87 -176.76 
phi -9.19 -9.19 -39.53 -39.64 -40.55 -39.80 
psi -55.78 -55:18 -53.53 -53.50 -53.35 -53.69 

chil 155.27 155.27 160.29 160.42 160.28 160.32 
chi2 -119.17 -119.17 -105.28 -105.55 -105.34 -105.61 
chi3 -173.40 -174.40 166.65 166.54 166.62 166.78 
chi4 -1.71 -1.71 2.63 2.69 2.82 2.77 

Ser11 omega -151.10 -151.10 -175.45 -175.61 -175.80 -175.64 
phi -61.43 -61.43 -38.44 -38.41 -37.75 -38.03 
psi -10.99 -10.99 -46.51 -46.14 -47.52 -47.23 

chi1 -50.72 -50.72 -65.46 -65.50 -65.14 -65.15 
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Residue angle 1 2 3 4 5 6 
Lys12 omega -178.25 -178.25 177.84 177.77 178.02 178.02 

phi -79.15 -79.15 -46.82 -47.18 -46.35 -46.63 
psi -24.86 -24.18 -47.52 -47.76 -47.41 -47.12 

chi 1 -49.18 -49.18 -99.77 -99.98 -100.01 -99.83 
ehi2 67.94 67.94 89.39 88.76 89.20 89.42 
chi3 72.00 72.00 81.94 82.36 82.16 81.82 
chi4 -148.78 -148.78 106.94 -106.43 -106.66 -106.95 

Tyrl:1 omega 171.14 171.14 177.05 176.91 176.82 176.93 
phi -49.74 -49.74 -46.31 -46.50 -46.69 -46.86 
psi -40.19 -40.19 -56.12 -55.66 -56.54 -56.41 

chil 158.54 158.54 165.13 165.30 165.23 164.65 
chi2 94.15 94.15 83.64 83.76 84.23 84.29 
chi3 175.57 175.57 -177.53 -177.03 -177.06 -177.26 
chi4 -0.33 -0.33 -0.44 -0.65 -0.57 -0.48 

Leu 14 omega 178.97 178.97 178.27 178.20 177.82 177.93 
phi -62.56 -62.56 -53.61 -53.27 -51.99 -52.50 
psi -37.61 -37.61 -47.89 -48.37 -48.67 -48.70 

chil -170.17 -170.17 -166.22 -166.71 -167.00 -165.18 
ehi2 -85.94 -85.94 -73.65 -73.71 -72.10 -71.98 

Asp 15 omega 170.47 170.47 177.28 177.29 178.10 177.84 
phi -71.94 -71.84 -50.62 -50.55 -50.48 -50.34 
psi -28.42 -8.42 -3.43 -42.20 -45.45 -45.14 

chi 1 -53.35 -53.35 -64.89 -64.34 -63.94 -64.54 
chi2 -36.28 -36.28 -88.82 -89.53 -90.44 -89.12 

Scr16 omega 173.23 173.23 177.81 178.50 177.86 177.85 
phi -72.51 -72.51 -52.69 -51.60 -52.07 -52.29 
psi -35.24 -35.24 -47.26 -47.29 -48.36 -48.47 

chi 1 -50.59 -50.59 -81.90 -82.85 -80.18 -79.85 
Orn17 omega 177.34 

phi -54.67 
psi -45.96 

Lys17 omega 174.52 174.52 176.25 
phi -69.48 -69.48 -51.25 
psi -46.33 -46.33 -50.04 

chi 1 -123.18 -123.18 -103.67 
chi2 166.07 166.07 139.63 

NIe17 chi3 48.60 48.60 52.54 
chi4 90.55 90.55 58.26 

178.26 
Arg17 -56.09 

-45.40 
176.21 
-51.92 
-49.23 
-86.42 
164.74 

18.79 
104.08 
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Residue angle 1 2 3 4 5 6 
AlalS omega 176.52 

phi -51.73 
psi 48.70 

Lys18 omega -179.57 -179.57 176.51 177.74 
phi -60.94 -60.94 -53.07 -51.40 
psi -19.63 -19.63 44.7 45.00 

chi 1 -117.87 -117.87 -96.99 -95.31 
chi2 -92.14 ..s2.14 ..sB.83 ..s9.45 

Arg18 chi3 102.27 102.27 70.10 69.48 
chi4 -74.69 -74.69 -130.57 -128.48 

177.97 
-50.99 
48.10 
-94.84 
-97.92 
66.64 

-107.36 
Ala19 omega 166.57 166.57 177.70 177.98 178.59 177.60 

phi -70.92 -70.92 -53.43 -53.60 -51.73 -53.09 
psi 46.09 46.09 -50.02 -50.69 -51.11 -50.86 

G1n2O omega 
phi 
psi 

chi 1 
chi2 
chi3 

Asp21 omega 176.86 177.13 
phi -50.41 49.87 
psi 48.56 47.46 

chi 1 -119.14 -138.85 
chi2 -173.05 -178.86 

G1u21 omega 151.12 151.12 176.50 177.24 
phi 46.37 46.37 -51.49 -50.23 
psi 40.43 40.43 48.32 47.34 

chi! ..sl.50 ..s1.50 -121.13 -138.79 
chi2 -157.91 -157.91 -178.24 -178.64 

-138.15 -138.15 ..s2.39 -74.28 
Phe22 omega 173.91 173.91 179.43 178.79 179.58 178.88 

phi -64.64 -64.64 -55.57 -57.65 -55.78 -57.77 
psi -35.99 -39.99 -52.61 -52.21 -51.47 -52.44 

chi! -167.19 -167.19 -179.81 177.72 176.37 177.63 
chi2 37.63 37.63 55.77 57.40 59.54 57.59 
chi3 -175.66 -175.66 -179.94 179.22 179.76 179.28 
chi4 1.46 1.46 0.00 0.09 -0.07 0.06 

Val23 omega 171.44 171.44 178.51 178.67 178.26 178.85 
phi -93.09 -93.09 -58.53 -57.68 -59.16 -57.83 
psi -10.85 -10.85 -38.60 -37.53 -37.06 -37.46 

chi! 46.18 46.18 -59.78 -59.12 -57.53 -58.85 
Gln24 omega 161.91 151.91 176.77 178.48 175.57 176.21 

phi -54.35 -54.35 -53.54 -53.99 -53.28 -53.87 
psi -53.54 -53.54 -59.24 -58.73 -59.07 -58.44 

chi! 479.64 179.64 162.43 161.93 161.91 162.25 
chi2 84.69 -84.69 -84.11 ..s3.80 ..s3.91 -84.03 
chi3 116.54 116.54 124.07 124.38 124.41 124.52 
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Residue angle 1 2 3 4 5 6 
Trp26 omega -178.07 -178.07 178.37 178.30 178.59 178.46 

phi -73.26 -73.26 -54.15 -53.97 -54.09 -54.41 
psi -42.52 -42.52 -43.17 -43.53 -43.21 -43.49 

chi 1 175.89 175.83 159.62 159.79 159.35 159.71 
chi2 58.89 85.89 95.40 95.26 95.91 95.69 
chi3 -167.64 -167.64 -179.74 -179.70 -179.66 -179.66 

Lcu26 omega 176.28 176.28 178.78 178.86 178.76 178.82 
phi -71.06 -71.06 -41.60 -41.12 -41.15 -41.32 
psi -4,48 -4048 -42.22 -42,43 -42.09 -41.97 

chi 1 -66.13 -66.13 -73.70 -73.68 -73.68 -73.25 
chi2 159.72 159.72 168.09 168.68 168.45 167.84 

Aan28 omega -18.16 -18.16 -5.70 -5.54 -5.62 -5.55 
phi -111.71 -111.71 -96.59 -96.74 -96.68 -96.85 
psi 121.07 121.07 155.97 156.06 166.15 155.77 

chil -168.54 -168.54 -173.42 -173.86 -174.62 -173.73 
chi2 27.59 27.596 16.90 17.27 17.64 17.27 

~ omega -166.51 -166.51 179.42 179.27 179.16 179.20 
phi 67.85 67.85 65.68 66.82 56.00 56.94 
chit 51.20 51.20 63.24 63.32 63.59 63.33 

a 1) X-ray crystal strustUI'C ofsuperagonist [Lys17.18. Glu21 jglucagon 

2) The same as1) after the energy nimimizntion (sec text) 

3) [OrnI7•18, Glu21 jglucngon.NH2 
4) [N1e17• Lys18,Glu21jglucngon-NH2 

6) [Lys17jglucngon-NH2 
6) [Lys181glucagon-NH2 
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Appendix G Proposed Models for Glucagon 

Model A 
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Model B 
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Model C 
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Model D 
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Model E 



167 

REFERENCES 

Alder, A J., Greenfield, N. J. and Fasman, G. D. (1973) Methods in Enzymology, Vol. 27D, 
Eds. Hirs, C. H. W., Timasheff, S. N., Academic Press, New York, pp. 675. 

Alford, F. P., Bloom, S. R., Nabarro, J. D. N., Hall, R., Besser, G. M., Coy, D. H., Kastin, A. 
J. and Schally, A. V. (1974) Lancet 2: 974. 

Altin, J. G. and Bygrave, F. L. (1987) Biochem. Biophys. Res. Comm . .M2.: 745. 

Barany, G. and Merrifield, R. B. (1980) The Peptides Vol. 2, Eds. Gross, E. and Meienhofer, 
J., Academic Press, New York, pp. 1. 

Beghin, F. and Dirkx, J. (1975) Arch. Int. Physiol. Biochim . .B.a: 167. 

Boesch, C., Bundi, A., Oppliger, M. and Wuthrich, K (1978) Eur. J. Biochem . .lll: 209. 

Bolin, D. R., Wang, C. -T. and Felix, A. M. (1989) Organic Preparations and Procedures Int. 
2.1(1): 67. 

Bonnevie-Nelson, V. and Tager, H. S. (1983) J. BioI. Chem . .2IDi: 11313. 

Braun, W., Bosch, C., Brown, L. R., Go, N. and Wuthrich, K (1981) Biochim. Biophys. Acta 
.6..61: 377. 

Braun, W., Wider, G., Lee, K H. and Wuthrich, K. (1983) J. Mol. BioI. ,lill!: 921. 

Bregman, M. D., Trivedi, D., and Hruby, V. J. (1980) J. BioI. Chem. 2lili,: 11725. 

Bromer, W. W., Sinn, L. G. and Otto K. B. (1957) J. Amer. Chem. Soc. ,TI!: 2087. 

Bromer, W. W., Boucher, M. E. and Patterson, J. M. (1973) Biochem. Biophys. Res. 
Commun. 1ia: 134. 

Brooks, B. R., Bruccoleri, R. E., Olafson, B. D., States, D. J., Swaminathan, S. and Karplus, 
M. (1983) J. Comput. Chem. 4: 187. 

Cantor, C. R. and Schimmel, P. R. (1980) Biophysical Chemistry Part II, Freeman, San 
Fransisco. 

Carpinol, L. A. and Han, G. Y. (1972) J. Org. Chem. ;3,: 3403. 

Cassim, J. Y. and Yang, J. T. (1969) Biochemistry .8: 1947. 

Castro, B., Dormoy, J. R., Evin, G. and Selve, C. (1975) Tetrahedron Lett. 1219 



Cecilia, G. U., Andreu, D., Gurzenda, E. M. and Merrifield, R. B. (1987) Proc. Natl. Acad. 
Sci . .81: 4083. 

168 

Chang, C-D., Felix, A M., Jimenez, M. H. and Meienhofer, J. (1980) Int. J. Peptide Res. ll: 
485. 

Chang, C. T., Wu, CoS. C. and Yang, J. T. (1978) Anal. Biochem. m.: 13. 

Chen, G. C. and Yang, J. T. (1977) Anal. Lett . .lQ: 1195. 

Chou, P. Y. and Fasman, G. D. (1978) Ann. Rev. Biochem. ~: 251. 

Chou, P. Y. and Fasman G. D. (1974) Biochemistry.13.: 222. 

Christensen, T. (1979) Peptides: Structure and Biological Function Eds. Gross, E. and 
Meienhofer J., Pierce Chemical Col., Rockford, IL, pp. 385. 

Clark, M., Cramer III, R. D., and Opdenbosch, N. V. (1989) J. Compo Chern . .lQ: 982. 

Clench, M. R., Garner, G. V., Gordon, D. B. and Barber, M., (1985) Biomed. Mass Spectrom. 
12,: 355. 

Collins, W. S. and Murlin, J. R. (1929) Proc. Soc. Exp. Bioi. Med. 2.2: 485. 

Dirkx, J. ( 1972) Arch. Int. Physiol. Biochim. ,8{!: 185. 

Drapeau, G. R. (1980) J. Bioi. Chem. 2,5li: 839. 

Edelhoch, H. and Schneider, A B. (1973) Arch. Biochem. Biophys.lli: 470. 

Epand, R. M. and Liepnieks, J. J. (1983) J. Biol. Chem . .2Jili.: 203. 

Epand, R. M. (1983) Trends Biochem. Sci . .8: 205. 

Epand, R. M. and Liepnieks, J. J. (1983) J. Biol. Chem . .2Jili.: 203. 

Epand, R. M. (1971) Can. J. Biochem. ~: 166. 

Epand, R. M., Rosselin, G., Hoa, D. H. B., Cote, T. E. and Laburthe, M. (1981) J. BioI. 
Chem . .2..5.6.: 1128. 

Erickson, B. W. and Merrifield, R. B. (1973) J. Amer. Chern. Soc. 9li: 3750. 

Erickson, B. W. and Merrifield, R. B. (1976) The Proteins Vol. 2, Eds. Neurath, H. and Hill, 
P. C., Academic Press, New York, pp. 255. 

Exton, J. H. (1988) The Liver: Biology and Pathobiology second edition, Eds. Arias, I. M., 
Jakoby, W. B., Popper, H., Schachter, D, and Sgafritz, D. A, Raven Press, Ltd., New York, 
pp.785. 



169 

Felig, P., Wahren, J., Sherwin, R. and Hendler, R. (1976) Diabetes 2fi: 1091. 

Fonnisano, S., Johnson, M. L. and Edelhoch, H. (1977) Proc. Natl. Acad. Sci. USA, 11: 3340. 

Frandsen, E. K, Gronvald, F. C., Heding, L. G., Johansen, N. L., Lundt, B. F., Moody, A J., 
Markussen, J. and Volund, A (1981) Hoppe-Seyler's Z. Physiol. Chern . .3.62: 655. 

Frandsen, E. K, Thim, L., Moody, A J. and Markussen, J. (1985) J. Bioi. Chem. 2illl: 7581. 

Gerich, J. E., Lorenzi, M., Bier, D. M., Schneider, V., Tsalikian, E., Karam, J. H. and 
Forsham, P. H. (1975) N.Eng.J. Med. 292: 985. 

Gerich. J. E., Lorenzi, M., Schneider, V., Karam, J. H., Rivier, J., Guillemin, R. and 
Forsham, P. H. (1974)N. Eng. J. Med.l.9l: 544. 

Gilman, A G. (1987) Ann. Rev. Biochem . .5.2: 615. 

Grady, T., Fickova, M, and Tager, H. S., Trivedi, D., and Hruby, V. J. (1987) J. Bioi. Chem. 
2.62.: 15514. 

Gratzer, W. B., Bailey, E. and Beavan, G. H. (1967) Biochem. Biophys. Res. Commun. 28.: 
914. 

Greenfield, N. J. and Fasman, G. D. (1969) Biochemistry B.: 4108. 

Gysin, B., Trivedi, D., Johnson, D. G. and Hruby, V. J. (1986) Biochemistry 2li: 8278. 

Hadley, M. E. (1988) Endocrinology Prentice-Hall, Inc, New Jersey, pp. 237 

Hamed, M. M., Robinson, R. M. and Mattice, W. L. (1983) Biopolyrners 22.: 1003. 

Hruby, V. J. (1982) Mol. Cell. Biochem. S4: 49. 

Hruby, V. J., Krstenansky, J. L., Mckee, R. and Pelton, J. T. (1986) Hormonal Control of 
Gluconeogenesis Vol. II, Ed. N. Kraus-Friedmann, CRC Press, Boca Raton, pp. 3. 

Hruby, V. J., Krstenansky, J., Gysin, B., Pelton, J. T., Trivedi, D. and McKee, R. L. (1986) 
Biopolyrners 2li: S135. 

Hruby, V. J., Musico, F, Groginsky, C. M., Gitu, P. M., Saba, D. and Chan, W. Y. (1973) J. 
Med. Chern . .lfi: 624. 

Hruby, V. J., Upson, D. and Angarwal, N. S. (1977) J. Org. Chern. ~: 3552. 

Hruby, V. J., Al-Obeidi, F., Sanderson, D. G. and Smith, D. D. (1990) Innovations and 
Perspectives in Solid Phase Synthesis Ed. Epton, R., SPCC (UK) Ltd., Birmingham, pp. 197. 

Jardetzky, O. and Roberts, G. C. K (1981) Nuclear Magnetic Resonance in Molecular 
Biology Academic Press, New York, pp. 152. 



Johnson, M. L., Formisano, S. and Edelhoch, H. (1979) J. BioI. Chem. 2..5.a: 1353. 

Johnson, R. E., Hruby, V. J. and Rupley, J. A. (1979) Biochemistry lB.: 1176. 

Johnson, D. G. and Ensinck, J. W. (1976) Diabetes 25,: 645. 

170 

Johnson, D. G., Cffiebel, C. U., Hruby, V. J., Bregman, M. D. and Trivedi, D. (1982) Science 
.2.lfi.: 1125. 

Johnson, G. L., MacAndrew, V. L. and Pilch, P. F. (1981) Proc. Natl. Acad. Sci. USA, 1J3.: 
875. 

Jones, A. J. S., Epand, R. M., Lin, K F., Walton, D. and Vail, W. J. (1978) Biochemistry 11.: 
2301. 

Jorgensen, K H. and Larson, V. D. (1972) Horm. Metab. Res. ~: 223 

Kaiser, E. T. and Kezdy, F. J. (1984) Science 223.: 249. 

Kaiser, E., Cole scott, R. L., Bossinger, C. D. and Cook, P. L. (1970) Anal. Biochem. M: 595. 

Kimball, C. P. and Murlin, J. R. (1923) J. Biol. Chem. lili: 337. 

Korn, A P. and Ottensmeyer, F. P. (1983) J. Theor. Biol. .lilli: 403. 

Krstenansky, J. L., Trivedi, D. and Hruby, V. J. (1986) Biochemistry 2.5.: 3833. 

Krstenansky, J. L., Trivedi, D., Johnson, D. and Hruby, V. J. (1986) J. Am. Chem. Soc . .l!lli.: 
1696. 

Kuntz, I. D. (1972) J. Amer., Chem. Soc. fM.: 4009. 

Leblanc, H., Lachelin, G. C. L., Abu-Fadil, S. and Yen, S. S. C. (1977) J. CUn. Endocrinol. 
Metab . .11: 196. 

Lefebvre, P. J., and Luyckx, A. (1977) J. CUn. Invest . .!ill: 716. 

Lefebvre, P. J., (1972) Glucagon: Molecular Physiology, CUnical and Therapeutic 
Implications Eds. P. J. Lefebvre and R. H. Unger, Pergamon Press, Oxford, pp. 28 

Lin, M. C., Wright, D. E., Hruby, V. J. and Rodbell, M. (1975) Biochemistry .11: 1559. 

Lizuka, E. and Yang, J. T. (1966) Proc. Natl. Acad. Sci. USA, lili.: 1175. 

MacFerran, S. N. and Mailman, D. (1977) J. Physiol. (London).2.6.fi: 1. 

Markwell, M. A. K, Haas. S. M., Bieber, L. L. and Tolbert, N. E. (1978) Anal. Biochem. Bl.: 
206. 

McClure, T. D., (1991) Ph.D. Dissertation, University of Arizona, Tucson, Arizona. 



171 

McGarry, J. D., Mannaerts, G. P. and Foster, D. W. (1977) J. Clin. Invest . .fill: 265. 

Mckay, F. C. and Albertson, N. F. (1957) J. Amer. Chem. Soc. ,N: 4686. 

McKee, R. L., Hruby, V. J. and Trivedi, D. B. (1988) J. Pharmacol. Methods, .ll!: 339. 

Meienhofer, J. ( 1973) Hormonal Proteins and Peptides Vol. 2, Eds. Choh Hao Li, Academic 
Press, New York, N. Y., pp. 45. 

Merrifield, R. B. (1964) J. Amer. Chem. Soc. 1lli.: 304. 

Mizuguchi, T., Levine, G., Wooley, D. W. and Stewart, J. M. (1968) J. Org. Chem . .33.: 903. 

Mollova, N. N., Schram, K H., Dharanipragada, R., Lin, Y., and Hruby, V. J. (1992) 
Proceedings of the fortieth ASMS Conference on Mass Spectroscopy, Washington D.C. 

Morris, H. R., Panico, M. and Taylor, G. W. (1983) Biochem. Biophys. Res. Commun. ill: 
299. 

Munoz-Barragan, L., Rufener, C., Srikant, C. B., Dobbs, R. E., Shannon, W. A Jr., Baetens, 
D. and Unger, R. H. (1977) Horm. Metab. Res.,f!: 37. 

Musso, G. F., Assoian, R. K, Kaiser, E. T., Kezdy, F. J. and Tager, H. S. (1984) Biochem. 
Biophys. Res. Commun. ill: 713. 

Nagai, K and Frohman, L. A ( 1976) Life Sci. ll: 273. 

Neville, D. M. (1968) Biochem. Biophys. Acta (1968) 1M: 540. 

Panijpan, B. and Gratzer, W. B. (1974) Eur. J. Biochem . .1fi.: 547. 

Pauling L., Corey, R. B., and Branson H. R. (1951) Proc. Nat. Acad. Sci. USA.a1: 205. 

Pelton, J. T., Trivedi, D. and Hruby, V. J. (1983) Life Sci . .33.: 1307. 

Pohl, S. L., Krans, H. M. J., Birnbaumer, L. and Rodbell M. (1972) J. Biol. Chem. 211: 2295. 

Pohl, S. L., Birnbaumer, L. and RodbeIl, M. (1971) J. Biol. Chem. 2.1!i: 1849. 

Quioscho, F. A. and Lipscomb, W. N. (1971) Adv. Prot. Chem. 2!i: 1. 

Ramachandran, G. N., Ramakrishman, C., and Sasisekharan V. (1963) J. Mol. Biol. 1: 95. 

Ramachandran, G. N. and Sasisekharan V. (1968) Adv. Prot. Chem. 2a: 283. 

Raptis, S., Escobar-Jimenez, F., Maier, V., Muller, R., and Rosenthal, J. (1977) Acta. 
Endocrinol. Suppl. 2illi: 51. 



Rich, D. J., and Singh, J., (1979) The Peptide: Analysis, Synthesis, Biology Vol. I, Eds. 
Gross, E. and Meienhofer, J., Academic Press, New York, pp. 241. 

172 

Robinson, R. M., Blakeney, E. W., Jr. and Mattice W. L. (1982) Biopolymers 21.:1217. 

Rodbell, M., Birnbaumer, L., Pohl, S. L. and Sundby, F. (1971) Proc. Natl. Acad. Sci. USA, 
.6B.: 909. 

Rodbell, M., Krans, H. M. J., Pohl, S. L. and Birnbaumer, L. (1971) J. Biol. Chem. 2.fl: 
1861. 

Sakakibara, S. and Shimonishi, Y. (1965) Bull. Chem. Soc. Jpn . .3.a: 1412. 

Sakurai, D. J., Dobbs, R. E. and Unger, R. H. (1974) J. Clin. Invest. M: 1395. 

Salomon, Y., Londos, C. and Rodbell, M. (1976) Anal. Biochem . .fill: 541. 

Sarantakis, D., (1979) U.S. Patent 4, 148, 789. 

Sarkar, P. K and Doty, P. (1966) Proc. Natl. Acad. Sci. USA, lili.: 981. 

Sasaki, K, Dockerill, S., Adamiak, D. A, Tickle, 1. J. and Blundell, T. (1975) Nature 2.fi7.: 
751. 

Saxena, V. P. and Wetlaufer, D. B. (1971) Proc. Natl. Acad. Sci. USA, .62: 969. 

Schiffer, M. and Edmundson, A B. (1967) Biophys. J. 1: 121. 

Schiffer, M. and Edmundson, A B. (1968) Biophys. J. 8: 29. 

Schneider, A. B. and Edelhoch, H. (1972) J. Biol. Chem. 2.fl:4986. 

Schulz, G. E. and Schirmer, R. H. (1979) Principles of Protein Structure Ed. Cantor, C. R., 
Sprnger-Verlag, New York, pp. 108. 

Sheehan, J. C. and Hess, G. P. (1955) J. Amer. Chem. Soc. 11.: 1067. 

Sherwin, R. S., Fisher, M., Hendler, R. and Felig, P. (1976) New Engl. J. Med. ,2!M: 455. 

Srere, P. A and Brooks, G. (1969) Arch. Biochem. Biophys . .l2a: 708. 

Stryer, L. (1988) Biochemistry W. H. Freeman and Company, New York, pp. 978. 

Sugano, H. and Miyoshi, L. (1976) J. Org. Chem. 11,: 2352. 

Tager, H. S., Patzelt, C., Assoian, R. K, Chan, S. J., Duguid, R. J. and Steiner, D. F. (1980) 
Ann. New York Acad. Sci. ~: 133. 

Tam, J. P., Heath, W. F. and Merrifield, R. B. (1983) J. Amer. Chem. Soc . .lQ5.: 6442. 



173 

Tarninato, T., Seino, Y., Goto, Y., Inoue, Y., Kadowaki, S., Mori, K, Nozawa, M., Yajarna, H. 
and Irnura, H. ( 1977) Diabetes 22: 480. 

Tarbell, D. S., Yamamoto, Y. and Rope, B. M. (1972) Proc. Natl. Acad. Sci. USA,.6f!: 730. 

Tran, C. D., Beddard, G. S. and Osborne, A D., (1982) Biochim. Biophys. Acta 100: 256. 

Trivedi. D., Grurnrnel M. J., Gysin, B., Sanderson, D., Brendel, K and Hruby V. J. (1990) 
Peptide: Chemistry, Structure and Biology, Proceedings of the Eleventh American Peptide 
Symposium J. E., River, J. E. and Marshell, G. R., Eds., ESCOM Science Publishers, 
Leiden, The Netherlands, 201. 

Unger, R. H. and Orci, L. (1981) New Engl. J. Med . .3.Qi: 1518, 1575. 

Unson, C. G., Andreu, D., Gurzenda, E. M. and Merrifield, R. B. (1987) Proc. Natl. Acad. 
Sci. USA, M: 4083. 

Unson, C. G., MacDonald, D., Durrah, T. L., Ray, K and Merrifield, R. B. (1990) 
Proceedings of the Twenty First European Peptide Symposium. Spain 

Voelter, W. (1980) Polypeptide Hormones Eds. Beers, R. F. Jr. and Bassett, E. G., Raven 
Press, New York, pp.135. 

Wagman, M. E., Dobson, C. M. and Karplus, M. (1980) FEBS Lett. lli: 256. 

Wakelarn, M. J., 0., Murphy, G. J., Hruby, V. J. and Housley, M. D. (1986) Nature (London) 
a2J: 68. 

Wider, G., Lee, K H. and Wuthrich, K (1982) J. Mol. Bioi . .l.liG.: 367. 

Wollheirn, C. B., Blondel, B., Renold, A. E. and Sharp, G. W. G. (1976) Diabetologia 12.: 269. 

Wu, C.-S. C. & Yang, J. T. (1981) Mol. Cell. Biochem. ~: 109. 


