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ABSTRACT

In pursuit of the working model of how glucagon interacts with the
glucagon receptor and how glucagon antagonists exert their different activities,
42 glucagon analogues were designed and synthesized. An attempt to determine
the minimum sequence for binding affinity of glucagon analogues was carried
out and resulted in several potent truncated glucagon antagonists with
substantial binding affinity, such as phenylbutyryl-glucagon(10-29) amide.
Furthermore, a new method for determining the bioactive conformations of
peptide hormones has been designed. In a positional cyclization scanning study,
several conformationally constrained glucagon analogues containing disulfide or
lactam bridges were synthesized, and the biological assay results showed that
the o-helical conformation is required for the maximal receptor recognition. This
study resulted in two superpotent glucagon analogues, c[Lys?, Glu®]glucagon
amide and c[Lys'?, Glu?']Jglucagon amide, which have picomolar binding
affinities.

A structure-activity relationship study of glycine at position 4 was
performed to determine the importance of flexibility in the N-terminal region of
glucagon. Four glucagon analogues were designed and synthesized, and all
showed extremely potent antagonistic activity with improved binding affinity.

Also, the potent glucagon antagonist [desHis!, desPhe$, Glu®]glucagon amide
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was synthesized on a large scale (ca. 1.5 g), and the effect of the glucagon
antagonist on diabetic ketoacidosis was studied in vivo in alloxan-induced
diabetic dogs. The glucagon antagonist clearly showed its effectiveness in
controlling serum bicarbonate concentration, while the control experiment with
saline demonstrated increased diabetic ketoacidosis. This study clearly showed
the possibility of using glucagon antagonists as therapeutic agents for the
treatment of diabetic ketoacidosis.

The conformation of the potent glucagon antagonist [desHis!, desPhe?,
Glu®]glucagon amide was studied using 2D NMR spectroscopy, and deuterated
dodecylphosphocholine micelles were utilized to imitate the membrane
environment. In this investigation, TOCSY, DQF-COSY, and NOESY spectra of
the glucagon antagonist in a deuterated DPC micelle solution were acquired at
pH 6.0 and 37 °C. Restrained molecular dynamics (simulated annealing) using
332 distance restraints and 16 torsion angle restraints resulted in a conformation
which displayed a similar C-terminal conformation, but a distinctly different N-
terminal region, as compared to the conformation of glucagon. The newly
discovered salt bridge between Ser? and Glu® presumably resulted from the
increased flexibility of the N-terminal region by the deletion of Phe® and
substitution of Glu®, which may shed light on how small changes in the sequence

of peptides can significantly modify the conformation.



Chapter 1

Introduction

1.1. Discovery of Glucagon

Glucagon is a 29 amino acid peptide hormone that is secreted by a-cells of
the pancreas, and interacts with specific receptors located in various organs,
especially the liver, where it plays the crucial role of glucose homeostasis in
mammals. Glucose homeostasis is very important due to the critical importance
of glucose as a source of energy, and maintaining adequate glucose concentration
in the blood is absolutely necessary for survival.

After Banting and Best (Banting and Best, 1921) discovered insulin in the
pancreas and its ability to reduce glucose concentration in the blood in normal
and in diabetic states, Kimball and Murlin (Kimball and Murlin, 1923) discovered
glucagon, a second factor in the pancreas that could increase glucose
concentration. Glucagon was purified in crystalline form in 1955 (Staub et al.,
1955) and was accepted as a hormone after the development of a
radioimmunoassay made it possible to measure its concentration in the plasma
of dogs and humans (Unger et al.,, 1959; Unger et al.,, 1970). After the
determination of the primary structure of glucagon, (Bromer et al., 1957) shown
in Figure 1.1, the first total synthesis was performed by Wiinsch and Weinges

(Wiinsch and Weinges, 1972).
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Figure 1.1 Primary structure of glucagon.

1.2. Biosynthesis of Glucagon

Glucagon is produced and processed from preproglucagon in pancreatic
o-cells, in the small intestine L cells, and in certain hypothalamic cells (Schroeder
et al., 1984; Tricoli et al., 1984). Preproglucagon (Table 1.1) consists of a signal
peptide, glicentin-related polypeptide (GRPP), glucagon(1-29), glucagon-like

peptide-1 (GLP-1), two spacer peptides (SP-1 and SP-2), and glucagon-like

f



Table 1.1 Amino acid sequence of human pancreatic preproglucagon.

M2KSIYFVAGLEVMLVOGSWQ!RSLODTEEKSORSFSASQ

Signal Peptide GRPP

ADPYESDPOMNEDYKRHSQGTETSYDYSKYLDSRRYAQD

GRPP Glucagon

FVOWLMNOSTKRNRNNIAK?RHDEFERHAEYGTFETSDVS

Glucagon SP-1 GLP-1

SYPLEGQAAEFI'WMAWLVKGRGRRIWDFPEEVAIVE®ELGR

GLP-1 SP-2

RHADGSYFSDEMNTILDYWNLAARDFINWIOLIQTKITDR

GLP-2

R160

The one-letter code is used for amino acids (IUPAC-IUB, 1968).
GRPP, glicentin-related pancreatic peptide; SP-1 and SP-2, spacer peptide 1 and

2; GLP-1 and GLP-2, glucagon-like peptide-1 and glucagon-like peptide-2
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peptide-2 (GLP-2; Bell et al., 1983; Bell, 1986). Glucagon itself is produced
primarily by processing the preproglucagon to proglucagon and then to
glucagon by a series of specific enzymes that can recognize dibasic residues, such
as Lys-Arg and Arg-Arg, as the sites of cleavage. This complete processing takes
place only in pancreatic a-cells (Hellerstrom et al., 1974; Noe and Bauer, 1975;

Patzelt et al., 1979).

1.3. Chemical and Physical Characterization and Biochemical Action of Glucagon
Glucagon consists of 29 amino acids and has a molecular weight of 3482.
Because of the chromophore residues, such as His, Tyr, and Trp, the molar
absorptivity of glucagon in dilute aqueous solution (pH=2, A=278 nm) is 8310 M-
lcm-! (Gratzer et al., 1967) and the isoelectric point of glucagon in aqueous
solution is near pH 7, due to the similar number of positively charged amino
acids (1 His, 1 Lys, 2 Arg) and negatively charged amino acids (3 Asp). Because
of this near pH 7 isoelectric point, its solubility at physiological pH is quite low.
The biochemical actions of glucagon are believed to take place via the
glucagon receptor, a G protein coupled membrane protein (GPCR) with 7
transmembrane domains. Glucagon initiates its action in the liver by binding to
glucagon receptor on the extracellular plasma membrane (Rodbell et al., 1971a),
which subsequently increases intracellular 3’,5'-cyclic adenosine monophosphate

(cAMP) levels by activation of adenylate cyclase (Rodbell et al., 1971b,c).
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Binding of glucagon to its receptor in the liver plasma membrane makes the
hormone-receptor complex interact with the stimulatory G protein, Gs. Then the
o-subunit from the Gs protein is released and interacts with adenylate cyclase to
activate it to convert ATP to cAMP (Figure 1.2). The subsequent increased
intracellular cAMP concentration causes various changes in cellular metabolism
by phosphorylating numerous cellular proteins (Garrison, 1978; Garrison et al.,
1979). In particular, phosphorylase b is activated, which can lead to enhanced
glycogenolysis and release of glucose into the blood stream (Friedmann, 1976).
The actions of glucagon are more complex than simple regulation of glycogen
metabolism to glucose, however. Glucagon has been shown to stimulate hepatic

gluconeogenesis and ketogenesis.

1.4. Conformational Analysis of Glucagon

As demonstrated in many cases, knowledge of the three-dimensional
structure of hormones can be very beneficial for understanding how they behave
in solution and how they interact with their receptors, in addition to aiding in the
design of more potent and specific analogues, and in developing potent
antagonists that can inhibit their biological activity. But, though its X-ray crystal
structure is known, it has been very difficult to predict the solution
conformations of glucagon, a 29 amino acid-containing linear peptide, because it

is too short to be considered a protein, which usually has very well defined sec-
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Figure 1.2 Schematic representation of glucagon’s modes of action.
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ondary and tertiary structures due to the various inter-residue interactions such
as hydrogen bonds and hydrophobic interactions. Also, it can be considered too
long to be a short peptide, for which conformations can be more easily predicted
and determined by various techniques, such as conformational constraint,
followed by biophysical analysis, and molecular modeling.

From the early studies of glucagon conformation by various bioéhysical
methods, glucagon was believed to adopt different conformations in different
environments. Conformational analysis by circular dichroism revealed that, for
example, monomeric glucagon in aqueous solution has a flexible random coil
conformation (Panijpan and Gratzer, 1974), but for self-aggregated glucagon in
aqueous solution an a-helical conformation (Gratzer et al., 1967; Srere and
Brooks, 1969) or fB-sheet conformation (Epand, 1971; Moran et al., 1977) was
observed.

In general, large amounts of a-helical conformation (> 35%) can be
induced and found in the freshly made concentrated (> 1 mg/mL) basic aqueous
solutions, probably existing as trimeric aggregates similar to the conformation
found in the crystal (Gratzer et al., 1972), as well as in the helix-inducing solvents
including 2-chloroethanol (Srere and Brooks, 1969). On the other hand, a small
amounts of an a-helical conformation (10-15%) were observed in dilute aqueous
solution from pH 2 to 11 (Srere and Brooks, 1969), but its a-helicity increases

with raising concentration of glucagon. On the other hand, an anti-parallel B-
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sheet structure was found in concentrated day-old aqueous solutions at both
high and low pH.

The X-ray crystal structure of glucagon (Figure 1.3) was reported at ~ 3.0
A resolution (Sasaki et al., 1975); 55% of a-helical (83% helical) conformation was
observed, probably induced by the concentrated basic aqueous solution used for
growing the crystals. The crystal structure of glucagon was found to be a
trimeric aggregate formed by hydrophobic interactions of the amphiphilic a-
helical C-terminal regions of one molecule with well organized hydrophobic
patches located in the N-terminal regions of adjacent molecules.

This observation of an amphiphilic a-helical conformation at the C-
terminal region was confirmed by two-dimensional nuclear magnetic resonance
spectroscopy (Braun et al.,, 1983). In this experiment, perdeute;ated
dodecylphosphocholine micelles were utilized to create a pseudo-
membrane/water interface, and monomeric membrane-bound glucagon in
aqueous solution was also found to adopt a well organized amphiphilic a-helical
conformation at the C-terminal region. However, the flexible nature of glucagon
made the observation of the conformation of the N-terminal residues very

difficult.

1.5. Brief Structure-Activity Relationship Studies of Glucagon
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Figure 1.3 Stereoview of X-ray crystal structure of glucagon.
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Extensive structure-activity relationship studies of glucagon have been
done during the past 25 years previously by the Merrifield and Hruby
laboratories (Hruby, 1982; Hruby et al., 1986a; Hruby, 1997). Although the long
amino acid sequence of glucagon has made systematic structure-activity
relationship studies very difficult, and most of the residues in the sequence of
glucagon are sensitive to replacement, several important residues for binding
affinity and biological activity have been identified as will be discussed below.

The sequence of glucagon can be divided into three different regions, the
N-terminal, middle, and C-terminal regions (Figure 1.1). Among these three
segments, the C-terminal region has a well organized amphiphilic a-helical
conformation, as discussed above, and structure-activity studies suggested that
this region is important for maintaining good receptor binding affinity. On the
other hand, the very flexible N-terminal region plays an important role for signal
transduction, and the middle region is thought to be the “hinge region” for
connecting and orienting the bioactively important N-terminal and C-terminal

regions that are responsible for good receptor recognition.

a) Histidine 1
The histidine residue located at the N-terminus of glucagon is believed to
be the most important residue for triggering the cascade of events leading to

cAMP production. It is very hard to maintain full bioactivity when His! is
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deleted or modified, as demonstrated by the observation that deletion of His!
made the analogue a partial agonist (Lin et al., 1975) and change of stereochemis-
try of L-His! to D-His! made the analogue a very weak binder with partial
agonist activity (Table 1.2).

The importance of the imidazole ring of histidine for signal transduction
has been demonstrated by [Tyr!]glucagon amide, which displayed improved
binding affinity but very minor adenylate cyclase activity (Unson et al., 1993). 4-
Imidazoleacetic acid and 3-indoleacetic acid were substituted for His!, and only
[4-imidazoleacetic acid!]glucagon amide showed relatively potent adenylate
cyclase activity, confirming the important role of the imidazole ring for signal
transduction. On the other hand, the N-terminal modifications involved
substitution of His! by the unnatural conformationally constrained residue, (S)-
5,6,7 8-tetrahedro-5-oxoimidazo(1,5-c)pyrimidine-7-carboxylic acid (Toc), was
performed (Dharanipragada et al., 1993), and the good binding affinity with no
adenylate cyclase activity of [Toc!, D-Phet, Tyr3, Arg!718, Glu?!]glucagon suggest-
ed that the a-amino group on His! contributes to the message, whereas the
imidazole ring contributes primarily to binding.

Based on these observations, modification, substitution or removal of
histidine was performed for development of antagonists, [N*-trinitrophenyl-His?,
homoArg!?]glucagon (Bregman et al., 1980), [desHis!, Glu®]glucagon amide

(Unson et al., 1987), [desHis!, desPhe?, Glu®]glucagon amide (Azizeh et al., 1995).



Table 1.2 Biological activities of glucagon analogues reported previously: Replacement of histidine-1.

Receptor Binding  Adenylate Cyclase Activity
Compound ICsp  Relative  ECsy  Relative  pA; Reference
(nM)  Binding(%) (nM) Potency(%)
Glucagon 1.5 100 8 100 -
[desHis!]glucagon 20 12 - Lin et al., 1975
| D-His']glucagon 75 8 54 1 - Hruby et al., 1986
[Tyr!]glucagon-NH: 155 5.62 - Unson et al., 1993
[4-Imidazoleacetic acid']glucagon-NH: 89.1 20 - Unson et al., 1993
[3-Indoleacetic acid']glucagon-NH. 44 8.32 57  Unsonetal, 1993
[Toc!, D-Phe?, Tyr5, Argl”18, 49 2.6 - 0 725 Dharanipragada et

Glu!jglucagon

al., 1993




b) Aspartic acids 9, 15, 21

In the sequence of glucagon, there are three aspartic acids at positions 9,
15 and 21; the most widely substituted is the one at position 9 (Table 1.3).
Although the substitution of various amino acids including Glu, Asn, Gly, and
Nle for Asp® did not greatly reduce the bioactivity, the removal of His! with
replacement of Asp? converted the analogues into antagonists (Unson et al.,
1991). [Lys®]glucagon amide maintains relatively good binding affinity, despite
losing adenylate cyclase activity completely, suggesting that the negative charge
of aspartic acid is necessary for biological activity, but not for receptor
recognition.

On the other hand, replacement of Asp!> with other amino acids, such as
Ala, Gly, and Lys, leads to a loss in binding affinity of the analogues, while the
biological activity remains almost intact, suggesting that Asp!> is indispensable
for retaining the binding affinity of glucagon analogues (Unson et al., 1994a).
Asp?! has been successfully substituted with Glu and Leu without loss of binding
affinity and biological activity, and [Leu2!]glucagon amide suggests that a
negative charge at position 21 is not essential for binding and biological activity
(Unson et al.,, 1994a). Interestingly, the substitution of Glu2! for Asp?!, in
conjunction with substitution of Lys1”18 for Arg!”1® in pursuit of increasing the a-
helical content in the C-terminal region, produced a superagonist, [Lys!718,

Glu?']glucagon, with improved binding affinity and adenylate cyclase activity



Table 1.3 Biological activities of glucagon analogues reported previously: Replacement of aspartic acids-9, 15, 21.

Receptor Binding ~ Adenylate Cyclase Activity
Compound ICs0 Relative ECso Relative  pA:; Reference
(nM)  Binding(%) (nM)  Potency(%)
Glucagon 1.5 100 8 100 -

[Glu®]glucagon-NH: 14 62 - Unson et al., 1991
[D-Asp?]glucagon-NH: 1.62 - 0 52  Unsonetal, 1991
[Lys®]glucagon-NH: 54 - 0 64  Unsonetal, 1991
[desHis!, Glu®]glucagon-NH> 40 - 0 72  Unsonetal, 1991
[Ala¥®]glucagon-NH; 11.5 90 - Unson et al., 1994a
[Lys®]glucagon-NH> 16.2 100 - Unson et al., 1994a
[Glu?!]glucagon-NH: 89.1 100 - Unson et al., 1994a
[Leu?']glucagon-NH: 263 95.2 - Unson et al., 1994a
[desHis!, Glu®, Glu?']glucagon-NH; 224 - 0 8.2 Unsonetal, 199%4a
[Lys!718, Glu?!]glucagon 0.70 510 12 700 - Krstenansky et al.,

1986

9¢
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compared to native glucagon (Krstenansky et al., 1986), and enhanced the a-
helical conformation by a salt bridge between Lys!” and Glu?! which was

confirmed by X-ray crystallography (Sturm et al., 1998).

¢) Phenylalanine® and tyrosines!013

The phenylalanine residue at position 6, found within the hydrophobic
patch formed in the N-terminal region of glucagon (Table 1.4), is highly
conserved throughout the hormones of the glucagon family, including glucagon-
like peptide-1 (GLP-1), glucagon-like peptide-2 (GLP-2), and secretin.
Interestingly, when Phe® was deleted from the antagonist, [desHis],
Glu®]glucagon amide, the resulting analogue, [desHis!, desPhe¢, Glu®]glucagon

amide, was determined to bind to the receptor with slightly less affinity, but to

Table 1.4 Comparison of the glucagon sequence to the sequence of GLP-1, GLP-

2, secretin, and other peptides in glucagon family.

Glucagon HSQGT FISDY SKYLD SRRAQ DFVQW LMNT

GLP-1 HAEGT FTSDV SSYLE GQAAK EFIAW LVKGR amide
GLP-2 HADGS FSDEM NTILD NLAAR DFINW LIQTK ITDR
Secretin HSDGT FTSEL SRLRD SARLQ RLLQG LV amide

VIP HSDAV FIDNY TRLRK QMAVK KYLNS ILN amide

PHI HADGYV FTSDF SRLLG QLSAK KYLES LI amide
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improve the antagonism ten times compared to the starting peptide (Azizeh et
al., 1995). Lack of Phe® was believed to break the hydrophobic patch, which is
important to obtain good receptor binding, as supported by molecular modeling
(Azizeh et al., 1997).

In addition to Phe$, the tyrosines at positions 10 and 13 are also part of the
hydrophobic patch and are quite critical for maintaining good receptor binding
affinity and efficacy. The importance of the phenolic group in the side chain of
Tyr!® was proven by the loss of binding affinity and biological activity of

[Phel%glucagon (Hruby et al., 1986a).

(2R,3S)-B-MePhe  (2R,3R)-B-MePhe

Figure 1.4 Structures of the four sterecisomers of B-methylphenylalanine which

were incorporated at position 10 of glucagon.



Table 1.5 Biological activities of glucagon analogues reported previously: Replacement of phenylalanine-6 and

tyrosines-10, 13.

Receptor Binding ~ Adenylate Cyclase Activity
Compound ICso  Relative  ECso  Relative  pA; Reference
(nM) Binding(%) (nM) Potency(%)
Glucagon 15 100 8 100 -
[desHis!, desPhes, Glu®]glucagon-NHa 48 3.1 - 0 8.2 Azizehetal, 1995
[Phe]glucagon 209 187 70 12 - Hruby et al., 1986
[Phe?¥glucagon-NH: 3.3 109 10.4 81 - Hruby et al., 1986
[desHis!, Tyr?, Glu?, (25,3R)-B-MePhe!?] 10 15.0 - 0 6.20 Azizehetal, 1996
glucagon-NH;
[desHis!, Tyr?, Glu?, (25,3S)-B-MePhe!?] 170 1.0 - 0 6.10 Azizehetal., 1996
glucagon-NH>
[desHis!, Tyr5, Glu®, (2R,3R)-B-McPhe?] 120 13 - 0 6.20 Azizeh et al., 1996
Glucagon-NH>
[desHis!, Tyr5, Glu?, (2R,3S)-B-MePhe!®] 180 0.8 - 0 6.15 Azizehetal., 1996

Glucagon-NH:

A ICsp value of glucagon = 3.6 nM

6t
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(2S,3R) Isomer

x, =60 °C %, =-180°C 1, = +60 °C
Gauche (-) Trans Gauche (+)

(2S,3S) Isomer

¥, =-60°C
Gauche (-)

X1 = +60°C
Gauche (+)
Figure 1.5 Gauche (-), trans, and gauche (+) conformations of f-

methylphenylalanine, (25,3R) and (2S,3S) diastereomers.

Since B-methyl amino acids (Figure 1.4) designed as tools to favor one of
three possible staggered rotamers of side-chain torsional angles x1 (Figure 1.5)
were successfully utilized in [B-Me-p-NO2Phe!]DPDPE (Shenderovich et al.,
1996), all four stereoisomers of B-methylphenylalanine were incorporated at
position 10 of glucagon. The results showed that only one stereoisomer, (25, 3R),

displayed potent binding affinity, while the other stereoisomers bound at most
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10 times less (Azizeh et al., 1996). This finding suggests that the orientation of
the phenyl ring is crucial for a perfect match with receptor. Also, this experiment

demonstrated the sensitivity to the replacement of Tyr1C.

d) Serines28.11.16

In addition to the residues described above, there are many residues in the
sequence of glucagon which need special attention before one can think about
substitution. There are serines at positions 2, 8, 11 and 16 in glucagon, and
structure-activity studies (Table 1.6) showed that Ser? and Ser?®, located at the N-
terminal end of the peptide, are very sensitive to modification (Unson and
Merrifield, 1994), while Ser!! and Ser'6 can be successfully replaced with other
amino acids without losing too much binding affinity. But even the hydroxyl
groups of Ser!! and Ser!é seem to be necessary to trigger adenylate cyclase, and
this discovery led to potent antagonists with multiple substitutions, such as
[desHis!, Nle®, Ala!l, Ala'¢]glucagon amide (Unson et al., 1994b) and [desHis!,

Nle?, Leu?, Leu'é] glucagon amide (Sturm et al., 1997).

e) Truncated analogues of glucagon
An initial goal of many structure-activity relationship studies is obtaining
the bioactivity of fragment derivatives or analogues of the native hormone for

the purpose of finding biologically active compounds smaller than the native



Table 1.6 Biological activities of glucagon analogues reported previously: Replacement of serines-2, 8, 11, 16.

Receptor Binding  Adenylate Cyclase Activity

Compound ICso  Relative  ECsp  Relative  pAa Reference
(nM) Binding(%) (nM) Potency(%)

Glucagon 15 100 8 100 -

[Tyr?]glucagon-NH: 4 0.31 6.2 Unson and
Merrifield, 1994

[Thr8]glucagon-NH: 1.0 34 4.6 Unson and
Merrifield, 1994

[Ala!!]glucagon-NH: 400 41 - Unson and
Merrifield, 1994

[Ala'f]glucagon-NH> 100 0.89 - Unson and
Merrifield, 1994

[desHis!, Nle?, Alall, Ala'¢]glucagon-NH; 100 - 0 84 Unsonetal., 1994b

[desHis!, Nle%, Leu!!, Leu'é]glucagon-NH2 2.8 54 - 0 7.30 Sturmetal,, 1997
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compound. Getting bioactive fragments can provide analogues which require
less time, effort, and materials to synthesize. Although this strategy has been
effective for many peptide hormones such as a-melanotropin (a-MSH), B-
endorphin, and somatostatin, no synthetic fragments of glucagon showed

significant bioactivity. Several fragments are shown in Table 1.7.

1.6. Glucagon Receptor

Understanding how peptide hormones work with their receptors usually
gives important insight into how to design analogues of native peptide
hormones with greater potency in receptor binding, biological activity, and
selectivity toward only certain types of receptors. Extensive structure-activity
relationship studies are one approach to this understanding, and in many cases,
looking at the receptor with which the target peptide hormone interacts can
provide very useful knowledge.

Glucagon functions to maintain a basal concentration of glucose and is a
key hormone in the pathogenesis of diabetes (Hruby et al., 1986b). Glucagon
binds to receptors in the liver and activates two enzymatic pathways,
glycogenolysis and gluconeogenesis, which result in the production of glucose.
When glucagon binds its hepatic G protein-coupled receptor (Figure 1.6),
adenylate cyclase is activated, resulting in an increased concentration of cAMP.

In addition, glucagon may also cause hydrolysis of inositol phospholipids



Table 1.7 Biological activities of glucagon analogues reported previously: Truncated analogues of glucagon.

Receptor Binding  Adenylate Cyclase Activity
Compound ICso Relative ECso Relative  pA: Reference
(nM)  Binding(%) (nM) Potency(%)
Glucagon 1.5 100 8 100 -

Glucagon(1-6) <0.0001 <0.0001 - Hruby et al., 1986a
Glucagon(1-15) <0.0001 < 0.0001 - Hruby et al., 1986a
[Asn]glucagon(1-17) ~0.0001 ~0.0001 - Hrubyetal, 1986a
Glucagon(1-24) 0.0002 0.0002 - Hruby et al., 1986a
[Glu?]glucagon(7-29)-NH: 0.33 - 0 - Unsonetal., 1989
[Glu®]glucagon(9-29)-NH: 0.04 - 0 - Unson et al., 1989
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as adenylate cyclase or phospholipase C, or may directly alter the activity of
membrane-bound ion channels. The a subunit, acting as a GTPase, slowly
hydrolyzes GTP into GDP, which terminates activation. Reassociation of a with
the B—y subunit takes place, reforming an inactive complex (Gilman, 1987).

The glucagon receptor has been cloned and sequenced for the rat (Jelinek
et al., 1993) and the human (Lok et al., 1994); the rat and human receptors show
83% amino acid identity. Despite the early discovery of glucagon, the
sequencing of the glucagon receptor was delayed quite long until molecular
biology had developed and provided routine procedures to do this. The
glucagon receptor belongs to a subfamily of peptide hormone receptors whose
members include secretin, parathyroid hormone, calcitonin, vasoactive intestinal
peptide (VIP), growth hormone releasing factor, and glucagon-like peptide-1
(GLP-1) receptors. The glucagon receptor shows 20-40% amino acid identity to
these receptors, while possessing no significant sequence identity (< 12%) with
other G protein-coupled receptors of other families. While only one sequence of
the glucagon receptor for each species has been identified, polymorphism of the
glucagon receptor was reported to be possible via alternative splicing of its
mRNA (Maget et al., 1994).

The glucagon receptor is characterized as a G protein-coupled receptor by
having its seven transmembrane-domain structure and by its coupling via GTP-

binding proteins (G-proteins) to adenylate cyclase. This 62 kDa glycoprotein,
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which contains at least four N-linked oligosaccharide chains and intramolecular
disulfide bonds (Iyengar and Herberg, 1984; Iwanij and Hur, 1985), has very
distinct characteristics from other G protein-coupled receptors in other families,
including the long sequence at the N-terminal chain and the large extracellular
loops between transmembrane domains. It is very unfortunate that a clear
picture of how the glucagon receptor hosts its native peptide hormone and
changes its conformation to commence signal transduction pathways has not
been reported. However, from the evidence that antibodies for the N-terminal
chain and extracellular loops of the glucagon receptor can block glucagon’s
approach to the receptor (Unson et al., 1996), it is possible to speculate that these
long N-terminal chain and extracellular loops are responsible for recognition of
glucagon, while some other G protein-coupled receptors recognize small ligands
including biogenic amines using amino acid residues within transmembrane
domains (Strader et al., 1994; Kobilka, 1992).

In order to understand the nature of the interaction of glucagon and its
receptor, several human glucagon receptor-glucagon-like peptide-1 receptor
chimeras were constructed (Buggy et al., 1995). The human glucagon receptor
(hGR) and glucagon-like peptide-1 (hGLP-1R) receptor share 47% amino acid
identity and 66% similarity, with the transmembrane segments having the
highest degree of similarity. The results from these experiments (Figure 1.8)

suggest that the regions which are not involved in the selective binding of
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Figure 1.8 Regions of the human glucagon receptor implicated in high affinity
glucagon-specific binding. White circles: individual residues that are not
involved in the selective binding of glucagon, Black circles: residues that have

been shown to be required for glucagon binding.

glucagon include the membrane-distal half of the N-terminal extension, all three
intracellular loops, the second extracellular loop, transmembrane domains
(TMDs) I, II, V, and VII, and the entire C-terminal tail, while the first and third
extracellular loops appears to be involved, as do TMDs 111, IV, and VI, as well as
the membrane-proximal half of the N-terminal extension. With negligible site-

specific mutagenesis of the glucagon receptor reported so far, this information
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presents a valuable picture of the putative glucagon-binding site in the glucagon

receptor.

1.7. Development of Glucagon Antagonists

Development of agonists and antagonists is quite beneficial for obtaining
knowledge of molecular recognition between ligands and hosts, and to help
examine the mechanisms of signal transduction. Since we often have very
limited knowledge about either signal transduction or ligand-host interaction at
the molecular level, the design and synthesis of a ligand provide a unique
opportunity to exercise pure logic and strategy.

There are many potential uses of antagonists. Due to the rapid
development of molecular biological techniques, many new receptors have been
identified and sequenced, but the function of the receptors is seldom revealed in
their sequences. Therefore, this situation normally requires clever experiments
with agonists and antagonists to understand the function of receptors. On the
other hand, antagonists also are used as therapeutics to adjust the basal tone of
receptor systems or as an antidote to an overdose of a particular agonist.

The qualitative and quantitative interaction of the ligand with the receptor
can be evaluated by a dose-response curve (Figure 1.9). Since by definition, an
antagonist should not produce any response, interaction of the antagonist can be

evaluated by measuring how it affects the interaction of the receptor with a
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Figure 1.9 Dose-response curves for an agonist, a superagonist, a partial agonist,

and an antagonist.

known agonist, normally the native hormone. An antagonist’s ability to displace
an agonist can be quantitatively measured by its dissociation constant (K4) which
is determined from a dose-response curve. Competitive antagonist requires that
the antagonist bind at the same site as the agonist binds (Figure 1.10). This
antagonistic ability also can be measured by a pA: value as proposed by Schild
(Schild, 1947). The pA: value is defined as the negative logarithm to base 10 of

the molar concentration of an antagonistic drug which will reduce the effect of a
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Figure 1.10 Interaction of agonists and antagonists with a receptor.

double dose of an active drug to that of a single dose. Thus, the greater the pA:

value, the stronger the antagonist becomes.

a) General strategies for developing an antagonist.

The development of a ligand starts with a characterization of the native
agonist. This gives insight into the mechanism of interaction of the agonist with
the receptor. Often, a peptide agonist can be divided into a “message” region
and an “address” region, although they may significantly overlap. The address
region is responsible for the binding of the peptide into the receptor, while the
message region is for changing the conformation of the receptor initiating G

protein interaction in the cytosol. Analysis of the native peptide to define the
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regions of binding and signal transduction is accomplished typically by

structure-activity relationship studies of the peptide. The following are

experiments that can be performed to understand peptide hormones.

i) Truncation and deletion

Simple truncation of the native ligand can provide a wealth of information
on both the binding and the message regions. Systematic deletion of a residue or
groups of residues in the sequence with subsequent binding studies can quickly
indicate the regions which are important for receptor binding and for signal
transduction. On the other hand, the positions of the residues can be shifted by
internal deletion for the examination of the importance of the proper orientation

and distance between the pharmacophoric residues.

ii) Alanine scan
An alanine scan is the systematic replacement of each residue with an
alanine to determine the importance of the residue for which alanine is

substituted in the interactions of the peptide with the receptor.

iii) Inversion of residue stereocenters
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While most native peptide have L-amino acids, the replacement of

individual residues with the D-amino acids places the ligand in a new

conformation which may give insight into the bioactive conformation.

iv) Changing net charge

If they contain polar residues, native ligands have a net charge. It is
possible that these charges are involved in electrostatic interaction with the
receptor, and therefore, changing the net charge of the residues is used to

evaluate whether there is electrostatic interaction of the ligand with the receptor.

v) Changing the hydrophobic character

Native ligands with hydrophobic regions also can interact with
hydrophobic counterparts within the receptor. Placing polar residues in these
portions of the ligand will test the importance of the hydrophobic regions in the

ligand.

b) Generating an antagonist

Deletion of the message region of the native agonist while leaving only the
address region is a possible first step in the generation of an antagonist, if they
are completely separate regions of the sequence. This will give a peptide which

binds to the receptor without signal transduction occurring. However, the



residues of the message region may influence the conformation of the address
region and may also be responsible for some of the binding affinity. Therefore
careful consideration must be taken in order to remove the message region

without changing the binding affinity significantly.

c) Biophysical studies

Both binding affinity and biological activity of native ligand are
conformationally driven, and therefore it is paramount to consider this when
designing novel antagonists using either amino acids or peptidomimetics.
Furthermore, biophysical studies on the lead antagonist define the role of the
conformational aspects of the ligand. While the conformation of the ligand at the
binding site in the receptor is somewhat difficult to obtain, close approximations
can be made using a variety of techniques including computational studies,
nuclear magnetic resonance spectroscopy, X-ray crystallography, and circular

dichroism.

d) Refining a lead antagonist
In theory, proper restriction on the conformation of the lead antagonist
can improve the binding affinity and selectivity of the antagonist. These

conformational restrictors include unnatural amino acids and cyclization.
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Cyclization in an antagonist restricts the phi and psi angles in the amino
acid residues. This provides insight into the optimum backbone conformation of
the ligand. Restricted phi and psi angles also cause diminished rotational
freedom in the side chain functionalities.

Use of certain unnatural amino acids further restricts the orientation of the
side chain functional groups by restricting chi angles of residues. Unnatural
amino acids can also be used to enhance certain characteristics in the lead
antagonist, such as hydrophobicity, charge density, polarity, as well as to
provide routes for cyclization, and prevent enzymatic degradation.

The ligands incorporating unnatural amino acids and/or cyclization must
be thoroughly studied to understand how these modifications have changed the

conformation of the antagonist.

e) Peptidomimetics

With a good understanding of required structural elements for receptor
binding and biological activity, and the conformational dynamics of peptide
antagonists, one can design an antagonist without use of amino acid residues
(Marshall, 1993; Qian et al., 1994; Vogt et al., 1995; Olson et al., 1995; Hirschmann
et al., 1993). By doing this, one avoids the use of peptide bonds which often are
subject to enzymatic degradation (Gante, 1994). A peptidomimetic allows one to

further change functional groups to try to obtain a better antagonist. More
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recently, with the exact geometry needed, one can use combinatorial chemistry to
generate varied function groups on the molecule while maintaining the required
geometry of the system (Thompson and Ellman, 1996; Nefzi et al., 1997; Hruby et

al., 1997).

f) Glucagon antagonists

In an effort to develop glucagon antagonists, many structure-activity
relationship studies have been performed, mainly by the Merrifield and Hruby
groups. Currently, three widely used antagonists, [N°-trinitrophenyl-His!,
homoArg!?]glucagon, [desHis!, Glu®]glucagon amide, and [desHis!, desPhes,
Glu®]glucagon amide, have been reported (Table 1.8).

Glucagon lower blood glucose concentration in diabetic rats, presumably
by blocking the effect of endogenous glucagon (Johnson et al., 1982; Van Tine et
al., 1996). Elevated glucagon concentrations in the diabetics were observed by
Unger and Orci (Unger and Orci, 1975), suggesting the possibility of developing
glucagon antagonists as therapeutic agents of diabetes mellitus (Figure 1.11).

Due to the large number of residues in glucagon’s sequence and its
reliance on most of the residues for potency, a systematic approach for the
development of antagonists, as listed in previous sections, has not been
successfully followed. Many attempts have been made to replace or remove

residues from all parts of the glucagon sequence, but this generally has resulted



Table 1.8 Biological activities of potent glucagon antagonists.

Receptor Adenvylate cyclase
binding activity
Compound [Css Rel. ECs Max. pA:
(nM) binding (nM) stimu-
potency lation
(%) (%)
Glucagon 1.5 100.0 59 100 -
[Netrinitropheny]l- 15.0 10.0 iaa 0 8.16
His!,homoArg'?]glucagon<
[desNH2-D-Phet, Tyr5, Argl? Lyst7.18, 15.0 10.0 ia.2 0 7.55
Glu?!]glucagond
[desHis!,Glu®]glucagon-NH:® 3.75 40.0 iab 0 7.25
[desHis!,desPhe?,Glu®]glucagon-NH2  48.0 3.1 iaa 0 8.20

3inactive up to 10 uM; Pinactive up to 100 uM; < Bregman et al., 1980; 4 Zechel et

al., 1991; eUnson et al., 1987; f Azizeh et al., 1995.

in significant loss of binding affinity with only a few exceptions, indicating that

most of residues in the glucagon sequence are important to maintain affinity. In

addition to this, every effort toward truncation of glucagon has failed to produce

potent fragments with substantial binding affinity. Although these results made

it difficult to understand how glucagon behaves on interaction of its receptor, the

C-terminal region is believed to be important for receptor recognition serving as

the address region, while the N-terminal region is important for signal
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Figure 1.11 Effect of [desHis!, desPhe¢, Glu®]glucagon amide on blood glucose in

a streptozotocin-induced diabetic rat.

transduction serving as the message region (Hruby et al., 1986a).

Many extensive structure-activity relationship studies have identified a
number of key residues for signal transduction and binding affinity. Partial
agonist/antagonist activity of [desHis!]glucagon indicated that one of the most
important residues for activation of the receptor is histidine at position 1, leading
the development of the first antagonist, [N*-trinitrophenyl-His!, homoArg!?]
glucagon (Bregman et al., 1980). Discovery of the importance of the aspartic acid

at position 9 to glucagon activity enabled the development of the potent



60

antagonist [desHis!, Glu®]glucagon amide, in conjunction with deletion of His!
(Unson et al., 1987).

As an address region, the C-terminal region of glucagon was observed to
adopt an amphiphilic a-helical conformation by X-ray crystallography and 2D-
NMR spectroscopy. The importance of helical conformation at the C-terminal
region for the increased binding affinity was demonstrated by a superagonist,
[Lys!”:18, Glu?']glucagon (Krstenansky et al., 1986), and salt bridge between Lys!8
and Glu?! observed in X-ray crystallography (Sturm et al., 1998) was presumed
responsible for the enhanced receptor recognition of the superagonist. In order
to improve the binding affinity of glucagon antagonists, the [Lys!”.18, Glu?1]
sequence has been incorporated in the sequences of several antagonists, but this
resulted in more loss of binding affinity, confirming the sensitivity of
substitution in the sequence of glucagon(Gysin et al., 1986; Zechel et al., 1991;
Dharanipragada et al., 1993).

In contrast to glucagon agonists, the lack of biophysical studies of
glucagon antagonists has made it difficult to improve glucagon antagonists.
Since the X-ray crystal structure of glucagon revealed a hydrophobic patch
organized by the residues His!, Phe?, Tyr!%13, and Leu!4, an attempt to reduce the
strength of the hydrophobic patch at the N-terminal region has been made by
deletion of phenylalanine at position 6. This resulted in the most potent

glucagon antagonist, [desHis!, desPhe$, Glu®]glucagon amide with ten times
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better antagonistic activity than [desHis!, Glu®]glucagon amide (Azizeh et al.,
1995). The reduced hydrophobic patch was confirmed by a computational study
(Azizeh et al., 1997). Besides these modifications for obtaining glucagon
antagonists, the serine residues at positions 2, 8, 11, and 16 have been modified
by Unson et al. (Unson et al., 1994b) and Sturm et al. (Sturm et al., 1997), and
multiple substitution led to [desHis!, Nle®, Alall, Ala'¢]Jglucagon amide as a
potent antagonist (Unson et al., 1994b).

Over the years, many glucagon antagonists have been synthesized that
showed a variety of antagonist activities. The three most widely used
antagonists, [N°-trinitrophenyl-His!, homoArg!?]glucagon, [desHis!, Glu®]-
glucagon amide, and [desHis!, desPhe$, Glu®]glucagon amide, have been studied
for intracellular cAMP accumulation at the highest possible sensitivity, in order
to determine any partial agonist activity (Van Tine et al.,, 1996). cAMP
accumulation measured with isolated hepatocytes in the presence of the
phosphodiesterase inhibitor demonstrated the surprising result that [N°-
trinitrophenyl-His!, homoArg!?]-glucagon and [desHis!, Glu®]glucagon amide
were partial agonists (Van Tine et al., 1996; Figure 1.12). On the other hand,
[desHis?, desPhe$, Glu®]glucagon amide did not accumulate any cAMP with this
sensitive assay, revealing its “clean” antagonist activity (Van Tine et al., 1996).
This cAMP accumulation assay demonstrated that the partial agonist activity in

its most sensitive used allows one to differentiate “clean” antagonists from
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Figure 1.12 cAMP production of glucagon, [N*-trinitrophenyl-His!, homoArg!?]
glucagon, [desNHz, D-Phet, Tyr?, Arg!?, Lys!718, GluZl]glucagon, [desHis!, Glu?]
glucagon amide, and [desHis!, desPhe¢, Glu®]glucagon amide at 1 uM in the
presence of Rolipram compared with that in the presence of glucagon with 1%

DMSO (Van Tine et al., 1996).
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antagonists with very minute partial agonist activity, which was not possible in
the conventional assay (Van Tine et al., 1996). This study suggests that as well as
development of antagonists, development of assays for differentiating the
designed candidates is crucial for obtaining clean antagonists with no partial

agonist activities.

g) Non-peptidic glucagon receptor antagonists

Competitive glucagon receptor antagonists are highly desired as probes,
biological tools, and therapeutic agents, but compounds of this type have not
been described in the literature until recently. The first non-peptidic glucagon
antagonist reported was dichloroquinoxaline derivative, CP-99,711 (Collins et al.,
1992; Figure 1.13) with weak affinity (ICso =4 puM). Functionally, it inhibited
glucagon- stimulated formation of cAMP with an ICso of 7 uM, although the
compound lacked specificity and it was suggested that there was an interaction
with a common motif in G protein-coupled receptors which is most likely
distinct from the glucagon-binding domain.

After this first discovery of a small organic non-peptide glucagon
antagonist, the benzimidazole NNC 92-1687 (Madsen et al.,, 1998) and the
triarylimidazole L-168,049 (Cascieri et al., 1999) were reported (Figure 1.13).
Although L-168,049 was reported to inhibit binding of labeled glucagon to the

human glucagon receptor with ICso = 3.7 nM and K» = 25 nM, it did not inhibit
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Figure 1.13 Non-peptide glucagon antagonists.

binding of glucagon-like peptide-1 up to 10 uM. The Schild plot suggested that it
Is a non-competitive antagonist, and that it showed allosteric modulation of
glucagon binding by interaction with residues within the second and third
transmembrane domains of glucagon receptor, which appears to be same
binding pocket that has been postulated for other G protein-coupled receptors.
The first non-peptide competitive human glucagon receptor antagonist,
NNC 92-1687, has a binding affinity of ICso = 20 M and a functional K; = 9.1 uM,
but no part of this compound displays any resemblance with glucagon peptide

antagonists.

1.8. Diabetes Mellitus
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Diabetes mellitus was first described about 1500 B.C. in Egypt, and
mellitus, the Latin word for honey, characterizes the high sugar content of the
urine of diabetics. Although the kidney has an active glucose transport system
that normally pumps almost all the sugar out of the urine, in the presence of a
glucose concentration of approximately 200 mg/dL, the transport system of
diabetics becomes saturated and glucose spills into the urine. Before discovery
of insulin, the prognosis for a patient with type 1 diabetes was death, usually
within a few months. Diabetes mellitus has been diagnosed in approximately 3%
of the general population, but this is probably an underestimate. Although the
widespread perception is that the disease is curable with insulin, complications
resulting from diabetes mellitus are among the leading causes of blindness, renal

failure, cardiovascular disease, and limb amputations.

a) Types of diabetes mellitus

Diabetes mellitus takes place when circulating insulin concentrations
decline or when the target cells become resistant to the hormone. Most cases are
of one of two types, insulin-dependent diabetes mellitus and non-insulin-
dependent diabetes mellitus. The former is also known as type 1 diabetes
mellitus, and the later as type 2.

Insulin-dependent diabetes mellitus (IDDM) results from a degeneration

of the pancreatic B cells, which produce insulin. There is a genetic link or
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predisposition, though environmental factors must also be involved, and the
disease has an abrupt onset clinically usually in childhood or early adulthood.
Due to the low or negligible amount of insulin in the blood stream, metabolic
acidosis (ketosis) ensues, followed shortly by diabetic coma and death, if insulin
is not supplied. Ironically, if an overdose of insulin is administrated,
hypoglycemia is caused and in severe cases hypoglycemia can cause loss of
consciousness, convulsions, brain damage, and death since the brain and nerve
tissue have an absolute requirement for glucose. This is referred to as insulin
coma.

Non-insulin-dependent diabetes mellitus (NIDDM) usually develops after
35 years of age, and most diabetics of this type are obese. In contrast to type 1
diabetics, type 2 diabetics have a significant concentration of circulating insulin.
This apparent paradox of hyperglycemia despite an elevated insulin
concentration is explained by the fact that the target cells are relatively
insensitive to the hormone. A higher concentration of insulin is need to elicit a
response in such resistant cells than in normal cells, and in some cases of insulin
resistance, the concentrations of insulin receptors are decreased. Diabetic coma
is rarely seen in NIDDM, presumably because their endogenous insulin prevents

ketosis.

b) Ketoacidosis
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The unavailability of glucose for lipogenesis within fat cells results in

increased lipolysis (McGarry, 1992); the released free fatty acids (FFAs) and

glycerol are now available to liver cells as substrates for glucogenesis, which

enhances the hyperglycemia. The FFAs released from the fats stored within

adipocytes undergo B-oxidation within hepatocytes, resulting in production of

acetyl-CoA (Figure 1.14). Although this high-energy compound is available for

entry into the Krebs cycle, the increased levels of this substrate may result in

condensation to acetoacetyl-CoA. Subsequent condensation with another
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Figure 1.14 Schematic diagram of ketone body biosynthesis.
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molecule of acetyl-CoA and other reactions ultimately produce B-hydroxybutyric
acid and acetone. These ketone bodies are normally used as energy substrates,
but the high rate of ketone formation accumulates ketone bodies within the
bloodstream, resulting in fatal metabolic acidosis (Fleckman, 1993; Kecskes,
1993). The urinary ketone bodies are excreted as Na* salts, and the loss of Na*
disturbs the bicarbonate buffering system of plasma, thus intensifying the blood

acidosis.



69

Chapter 2

Design and Synthesis of Truncated Glucagon Antagonists

2.1. Introduction

As demonstrated for peptide hormones such as glucagon, obtaining
relatively small ligands with substantial biological activities for structure-activity
relationship studies has been a difficult goal. Discovering truncated peptide
hormone analogues allows researchers to synthesize analogues with less effort,
materials, and time, and to study more systematically structure-activity
relationships. This approach would be especially beneficial for longer peptides
such as glucagon. This approach has been successfully demonstrated in our
laboratory in the case of a-melanocyte stimulating hormone (Castrucci et al.,
1989; Al-Obeidi et al., 1989a, 1989b). Although natural a-melanocyte stimulating
hormone (a-MSH) consists of 13 amino acid residues, the sequence has been
successfully trimmed down to a heptapeptide without loss of biological activity
since residues at position of 1, 2, 3, 11, 12, and 13 are relatively unimportant
(Table 2.1). In pursuit of potent truncated glucagon analogues, extensive
structure-activity relationship studies have been carried out (Hruby, 1982; Hruby
et al., 1986a), but all attempts to obtain biologically active glucagon analogues
which are substantially truncated have failed to date. Table 1.7 shows a few of

the truncated glucagon analogues reported earlier. Small fragments of glucagon
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Table 2.1 Relative in vitro potencies of a-melanocyte stimulating hormone (a-

MSH) analogues in lizard (A. carolinesis) skin bioassay.

o-MSH Fragment Potency relative to a-MSH
o-MSH
. 1.0
Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-
Lys-Pro-Val-NH:
Ac-o-MSH(4-12)-NH22 5.0
Ac-a-MSH(4-10)-NHz? 0.05
Ac-a-MSH(5-10)-NH2? 0.0007
Ac-a-MSH(7-10)-NH:2? 0.0
Ac-[Nlet, Asp3, D-Phe?, Lys'®ja-MSH(4-10)-NH2® 8.0
Ac-c[Nlet, Asp5, D-Phe?, Lys1%a-MSH(4-10)- 90.0

NH2<

2 Castrucci et al., 1989; b Al-Obeidi et al., 1989a; < Al-Obeidi et al., 1989b

in the C-terminal region, such as glucagon(20-29), glucagon(22-29), glucagon(16-
24), and glucagon(19-29) (Rodbell et al., 1971d; Edelhoch and Schneider, 1973;
Carrey and Epand, 1983), and the N-terminal region, such as glucagon(1-6),
glucagon(1-12), glucagon(1-15), and glucagon(1-17) (Hruby, 1982), were found to
have no biological activity or receptor binding affinities even at high millimolar
concentrations.

Therefore, a major goal in this research has been to design and synthesize

truncated glucagon analogues and determine the minimum sequence for
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substantial receptor binding affinity. In this study, 23 glucagon analogues (1-23)
were synthesized (Table 2.2), which are several glucagon fragments with 11 or 12
amino acid residues in order to determine the structural requirements for the
receptor binding of glucagon, conformationally restricted truncated analogues
containing the sequence of the middle region of glucagon, and truncated

analogues containing the sequence of the C-terminal region.

2.2. Results and Discussion
In pursuit of truncated glucagon analogues with minimal required
sequence which can bind to its receptor with significant binding affinity, a

number of truncated glucagon analogues have been designed and synthesized.

a) Systematic fragmentation of glucagon into undeca- and dodecapeptide amides
(1-4) (Table 2.2)

Aiming to find a novel antagonist with low molecular weight, a
hypothesis that when glucagon exerts its binding affinity, the whole molecule is
not necessarily required was established. It was hypothesized that the essential
binding domain in glucagon might be as small as several amino acids. On the
basis of this hypothesis, a variety of fragment peptides of glucagon that have 11
or 12 amino acid residues were synthesized (1-4). These peptides have the

sequences of residues 1-10 (1), 5-16 (2), 10-20 (3), and 15-26 (4), respectively, and



Table 2.2 Biological activities of the truncated glucagon analogues, 1-23.

Receptor Binding Adenylate Cyclase Activity
Compound ICso (nM)  Relative  ECso (nM) Maximum PA2
Binding (%) Stimulation(%)

Glucagon 1.5 100 59 100 -
1 Glucagon(1-11) amide ias 0 ia. 0 -
2  Glucagon(5-16) amide ia. 0 i.a. 0 -
3 Glucagon(10-20) amide ia. 0 ia. 0 -
4 Glucagon(15-26) amide ia. 0 ia. 0 -
5 Ac-Glucagon(6-14) amide ia. 0 La. 0 -
6 Ac-[Cys"']glucagon(6-14) amide nd.t 30¢ ia. 0 -
7 Ac-c[Cys’]glucagon(6-14) amide n.d. 62¢ ia. 0 -
8 Ac-[Cys'?]glucagon(6-14) amide nd. 24¢ ia. 0 -
9 Ac-c[Cys”!?]glucagon(6-14) amide n.d. 24 ia. 0 -

ai.a., inactive up to 100 uM.; ®n.d. not determined.; e maximum displacement at 100 pM.

(44



Table 2.2 (Continued)

Receptor Binding Adenylate Cyclase Activity
Compound 1Cs0 (nM) Relative ECso (nM) Maximum pA:2
Binding (%) Stimulation(%)

10 Ac-[Cys”"?glucagon(6-15) amide nd. 56¢ ia. 0 -
11  Ac-c[Cys’'?]glucagon(6-15) amide n.d. 30¢ ia. 0 -
12 Ac-[Cys%H]glucagon(6-15) amide n.d. 32 ia. 0 -
13  Ac-c[Cys*H]glucagon(6-15) amide n.d. 43¢ ia. 0 -
14 Ac-[Cys*H]glucagon(9-14) amide ia 0 ia. 0 -
15 Ac-c[Cys*H]glucagon(9-14) amide ia. 0 ia. 0 -
16 Ac-Glucagon(17-29) amide 2,300 0.065 i.a. 0 -
17 Ac-Glucagon(10-29) amide 60 25 ia. 0 7.44
18 Ac-Glucagon(6-29) amide 31 4.8 ia. 0 6.57
19 Ac-[Nal(2)!-B]glucagon(10-29) amide 800 0.19 ia. 0 6.87

€L



Table 2.2 (Continued)

Receptor Binding Adenylate Cyclase Activity
Compound . ,
1Cs0 (nM) Relative ECso (nM) Maximum PA2
Binding (%) Stimulation(%)
20 Phenylacetyl-glucagon(10-29) amide 249 0.60 ia. 0 7.37
21 Phenylbutyryl-glucagon(10-29) amide 21.2 7.1 ia. 0 7.38
22 Phenylhexanoyl-glucagon(10-29) amide 131 1.1 ia. 0 7.37
23 Phenylbutyryl-[Nal(2)"]glucagon(10-29) 781 0.19 ia. 0 6.70
amide

Relative binding (%) = [(receptor binding ICsy for glucagon) / (receptor binding ICso for glucagon analogue)] x 100

L. 74
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the binding affinities of these peptides were obtained in order to examine the
minimum binding domains which are required for recognition by the receptor.
Unfortunately, none of these peptides displayed any binding affinity, probably
due to the unnatural positive charges developed at the N-terminus ammonium
group of the fragment peptides and the flexible nature of these linear peptides

which make receptor recognition extremely difficult.

b) Truncated glucagon analogues containing the middle region (5-15)

Since most of the previously reported efforts to acquire glucagon
fragments with good binding affinity for the glucagon receptor have been
focused on the N-terminal fragments (Hruby, 1982) and the C-terminal
fragments (Rodbell et al., 1971d; Edelhoch and Schneider, 1973; Carrey and
Epand, 1983; shown in Table 1.8), truncated glucagon analogues containing the
middle region of glucagon were synthesized (5-15). From experience with the
glucagon fragments described above, the N-terminal amine groups of these
peptides were acetylated in an attempt to remove undesired electrostatic
charges, and conformational constraints were introduced in order to reduce the
flexibility of the peptides. Another reason for designing these peptides
containing the middle region of glucagon is that non-peptidic antagonists of
glucagon (Figure 1.12), though they appear not to interact with the glucagon

binding site, have common functional groups, aromatic rings and a positively
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charged nitrogen. Therefore, an assumption was made that these functional
groups might correspond to the region between positions 10 and 13: to the
aromatic rings of Tyr1%13 and to the positively charged nitrogen of Lys!2.

Although compounds 6-11 demonstrated some modest displacement of
radiolabeled glucagon at high concentrations of peptides (100 uM), all of these
peptides displayed very weak binding affinity. On the other hand, Ac-
glucagon(6-14) amide (5) showed no receptor binding at all, indicating that no
nonspecific binding at this extremely high concentration of the peptide took
place either. For compounds 10-13, an aspartic acid at position 15 was added to
the sequence with the expectation of increasing binding affinity, since Asp!> was
demonstrated to be an important residue for binding affinity (Unson et al.,
1994a). However, this addition of Asp!> did not enhance the binding affinity.
Also, reduction of the length of the sequence to a hexapeptide, analogues 14 and
15, resulted in complete loss of binding affinity.

Conformational restrictions between residues 7 and 11 (7), 7 and 12 (9,
11), and 9 and 14 (13, 15) were introduced via a disulfide bridge in order to force
a turn conformation. Despite the weak binding affinities of these peptides, %
displacement of radiolabeled glucagon at 100 pM has been obtained. Although
analogues 6-15 bound to the glucagon receptor with weak affinity, differences
between the maximum replacement of radiolabeled glucagon at 100 uM by linear

and cyclic analogues were observed. The cyclized analogue 11 between cysteines
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at positions 7 and 12 showed greater displacement (56 %) of radioactive glucagon
than did the linear analogue (30%; 10). Also, analogue 7, cyclized by the cysteine
residues at positions 7 and 11, displaced glucagon better (62%) than the linear
analogue 6 (30%). These results can be interpreted to indicate that the
conformational restrictions of a disulfide bridge between positions 7 and 11
arranged the molecule into a conformation that can be recognized by the receptor
better than did the other conformational restriction (disulfide bridge between

position 7 and 12).

¢) Truncated glucagon analogues containing the C-terminal region (16-23)

As discussed above, C-terminal fragments have been reported earlier
(Rodbell et al., 1971d; Edelhoch and Schneider, 1973; Carrey and Epand, 1983),
but none of them were found to bind to the receptor, although the C-terminal
region of glucagon is generally known to be essential for maintaining significant
binding affinity. Interestingly, the most dominant enzymatic byproduct of
glucagon, glucagon(19-29), also referred as miniglucagon, did not show any
binding affinity for the glucagon receptor (Carrey and Epand, 1983).

Therefore, in this study, the sequence of truncated glucagon analogues
containing the C-terminal region were elongated from the C-terminus gradually
(16-18). The smallest one, Ac-glucagon(17-29) amide (16), has the sequence of

miniglucagon plus Argl’-Arg!8, and the result of binding assays showed that the
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elongation of the sequence of miniglucagon with only two arginine residues was
sufficient for the peptide to be recognized by the receptor, though with a
relatively poor binding affinity (ICso = 2.3 uM). Encouraged by this result, two
more peptides, containing residues between 10-29 (17) and 6-29 (18) were
synthesized, and since these peptides have longer middle-region sequences than
the analogue 16 they showed better binding affinities (ICso = 60 ana 31 nM,
respectively). The elongation of 7 residues from the analogue 16 demonstrated
greater improvement (38-fold) in the binding affinity than the elongation of 4
residues from the analogue 17 did (2-fold), suggesting that most of the binding
motifs required for efficient recognition by the receptor are already present in the
sequence of 17.

Since a hydrophobic patch organized by residues Phe®, Tyr1%.13, and Leu!4
has been demonstrated by X-ray crystallography (Sasaki et al., 1975) and 2D-
NMR spectroscopy (Braun et al., 1983), and shown to be important for
substantial binding affinity (Azizeh et al., 1997), the improved binding affinities
of the analogues 17 and 18 seem to result from a fortified hydrophobic patch in
the middle region; the more extended hydrophobic patch of 18 gave it better
binding affinity than 17 (Table 2.2). In accordance with this finding, the tyrosines
at positions 10 and 13 were replaced with 2-naphthylalanines for better aromatic
interactions in the hydrophobic patch, but this modification disturbed the

interaction with the receptor (19, ICso = 800 nM), presumably as a result of the
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removal of the phenolic functional group from tyrosine at position 10, which is
important for binding affinity (Hruby et al., 1986), and the steric hindrance
caused by the larger size of a naphthyl group than the phenol group of tyrosine.
In an attempt to improve the binding affinity of analogue 17, several
phenyl-substituted acyl groups (Figure 2.1) were added to the N-terminus to
replace the missing phenylalanine at position 6 which previously has been found
to be necessary to form the full hydrophobic patch in the middle region of
glucagon (Azizeh et al., 1997). Phenylacetyl (20), phenylbutyryl (21),
phenylhexanoyl (22) groups were used in order to place the phenyl group in
different positions (Table 2.2). Of these three peptides, phenylbutyryl-
glucagon(10-29) amide (21) revealed the best binding affinity (ICso = 21 nM, more
than 5-fold better binding affinity than 20 and 22), indicating that a spacer of
three methylene groups is superior for organizing the important hydrophobic

patch properly. With addition of the phenylbutyryl group, analogue 21 even

Phenylacetyl
o

Phenyibutyryl
o]

Phenylhexanoyl
(@)

Figure 2.1 Phenyl-substituted acyl groups attached to glucagon(10-29) amide.
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interacted with the receptor with higher efficiency than the analogue 18, which
was the peptide that 21 was intended to mimic. Since analogue 18 does not have
the residues between position 7-9, it can be presumed that the polar amino acids
between residues 6-9 of the analogues 21 increase the flexibility of the N-terminal
region of the peptide and disturb the optimal aromatic interaction between the
phenyl ring of the phenylbutyryl group and tyrosine side chains, resulting in the
slight loss of binding affinity.

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

From these results, a conclusion can be drawn that there are at least two
different binding domains located separately in the glucagon sequence, and a
reasonable receptor interaction is only attained when two binding domains are
present in glucagon analogues (Figures 2.2 and 2.3). Also, from these findings,
the reinforcement of the hydrophobic patch enhances receptor recognition, and
hence the main binding element would appear to be hydrophobic patches,

interacting with counterparts of the receptor.
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Figure 2.2 Schematic diagram of binding of the glucagon fragments that have

only one binding element.

This hypothesis explains why relatively small, truncated glucagon
analogues that only include one binding domain do not interact with the
receptor properly. At this point, no complete picture of binding can be given,
but it would be rational to consider that the binding of glucagon to its receptor
would be cooperative. If it is not cooperative binding, the peptides with either
binding domain should have shown at least moderate receptor interaction. We
can speculate that the C-terminal binding domain initiates the interaction with
the receptor, presumably because the secondary structure of the C-terminal
region is better defined, and the subsequent change in receptor structure helps

identify a second binding domain for glucagon to enhance the



Pbu-Glucagon(10-29) md

Figure 2.3 Schematic diagram of binding of the gluca

two binding elements.

gHa

82

gon fragments that have



83

receptor interaction.

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

molecular weight that can bind to the glucagon receptor.

d) Potent truncated glucagon antagonists
In terms of adenylate cyclase activity, none of the peptides in this study
produced any signal transduction (Table 2.2). For compounds 1-15, it was
apparently because of lack of substantial binding affinity. On the other hand, all
the peptides with significant binding affinity, 16-23, were shown to be
antagonists, with varying pA: values. Since the truncated analogues containing
the C-terminal region (16-23) do not have the message region that is responsible
for triggering G protein to initiate the signal cascade (Hruby et al., 1986a), it is
not surprising to observe no adenylate cyclase activity.
It is noteworthy that the pA: values of analogues 17-23 did not correspond
to the binding affinity. It is usual to assume that compounds that bind better will

demonstrate higher degree of antagonism, but all of these truncated glucagon
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analogues exhibit similar antagonistic activities, except analogue 18, which is less
active than expected.

For the analogues 19 and 23 with 2-naphthylalanines, relatively lower pA:
values can be explained because they did not bind to the receptor well, compared
to analogues 17, 20, 21, and 22. But the ten-fold higher antagonism of analogue
17, compared to 18 that bound twice better than 17, is quite surprising. This
discrepancy also took place for analogues 20-22. These phenyl-substituted
acylated glucagon(10-29) amides certainly exhibited different ranges of binding
affinity, and in particular, analogue 21 binds ten-fold better than analogue 20,

while the pA: values are the same for these analogues.

2.3. Conclusion

For the first time, we have obtained glucagon analogues with lower
molecular weights and reasonable binding affinities. These potent, truncated
glucagon analogues with substantial binding affinities have been designed and
synthesized based on the idea of two binding domains at the glucagon receptor.
Nature designed this long peptide, glucagon, to interact with several different
sites in the receptor; the minimum sequence necessary to attain marginal binding
affinity of the truncated analogues was shown to be two-thirds the length of the
native peptide. It was demonstrated that there are two separate binding

domains in the glucagon sequence, one in the middle region and the other in the
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C-terminal region, and the evidence suggests that the driving force for receptor
recognition is related to specific hydrophobic interactions. Although the best
truncated antagonist, phenylbutyryl-glucagon(10-29) amide, is not as potent as
[desHis!, desPhe?, Glu?]glucagon amide, it can serve as a lead compound to be
further optimized for better binding affinity and potency. The truncation to two-
thirds of the glucagon sequence will help in the development of a more
systematic structure-activity relationship studies for competitive glucagon

antagonists.
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Chapter 3
Positional Cyclization Scanning:

Search for Bioactive Conformation in the N-Terminal Region of Glucagon

3.1. Introduction

Numerous peptide hormones exert their biological activity by interacting
with a variety of G protein-coupled receptors (GPCRs; Strader et al., 1994). This
ubiquitous interaction between peptide hormones and their counterpart GPCRs
has attracted intensive attention from many investigators, but it is not fully
understood yet why nature designed the messengers in certain ways to interact
with their receptors.

Over years, several biophysical methods, in particular, X-ray
crystallography and multi-dimensional nuclear magnetic resonance
spectroscopy, have been utilized in order to enrich our understanding of many
aspects of non-covalent interactions between large hosts and small ligands, such
as enzymes and their substrates (Lipscomb, 1981; Mildvan, 1989). However, one
of the most essential mechanisms for survival and health, interaction of peptide
hormones with their counterpart GPCRs, still challenges us because GPCRs are
membrane proteins, are extremely difficult to isolate and manipulate, and are not
easy targets to be investigated by biophysical methods even though they are in

our hands. To compensate for our ignorance of GPCRs, many researchers have
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examined the peptide hormones and neurotransmitters to obtain direct
information of the stereostructural structure-activity relationships.

The situation is same in the case of glucagon. Although the glucagon
receptor has been successfully expressed and sequenced (Jelinek et al., 1993; Lok
et al., 1994), no information regarding the tertiary structure on the glucagon
receptor is available. The early discovery of importance of the histidine residue
at position 1 of the ligand glucagon for signal transduction (Lin et al., 1975) and
the experience of converting the native peptide (agonist) to an antagonist by
modifications on the N-terminal sequence of glucagon (Bregman et al., 1980;
Unson et al., 1987; Azizeh et al., 1995) led to considerable interest in the structure
of the N-terminal region.

The X-ray crystal structure of trimeric glucagon (Sasaki et al., 1975)
revealed that the residues between positions 10 and 25 existed in an a-helical
conformation, but residues 1-5 were flexible. On the other hand, glucagon
conformational studies by 2D-NMR spectroscopy (Braun et al., 1983) in the
presence of micelles showed substantially different results. The backbone
conformation of micelle-bound glucagon includes a predominantly extended
polypeptide segment from residues 5-9, one helix-like turn formed by residues
10-14, another stretch of extended chain between residues 14-17, and three turns
of a distorted a-helix from residues 17-29. Unfortunately, the conformation of

the N-terminal residues 1-5 could not be seen due to the high degree of mobility
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in these residues. However, both X-ray crystallography and 2D-NMR
spectroscopy studies of glucagon showed similar a-helical conformations at the
C-terminal region. On the other hand, another model of glucagon predicted by
Chou-Fasman’s (Chou and Fasman, 1975) empirical procedure (Korn and
Ottensmeyer, 1983) suggested B-turns located at residues 2-5, 10-13, and 15-18,
helix from 19-27, and B-sheet from 5-10 in the glucagon structure. |

Although the conformations discussed above should be considered, the X-
ray crystal structure of trimeric glucagon might be influenced by the high
concentration of glucagon and the pH (9.2) when the crystal was grown, which is
different from physiological conditions. Also, the complicated interaction of
glucagon with the glucagon receptor cannot be imitated by the micelle used in
the NMR study. Therefore, in an attempt to obtain information on the bioactive
conformation of glucagon, several conformationally constrained glucagon
analogues have been designed and synthesized (Table 3.1, 24-37).

The goal of this study was to determine the secondary structure of the
region where the conformational restriction is applied, and thus, certain local
conformations were designed via cyclization either between Cys at position i and
Cys at position i+5 or between Lys at position i and Glu at position i+4. The
cyclization via a disulfide bridge between Cyst and Cysi*> was intended to induce
and stabilize turn conformations, while the cyclization via a lactam bridge

between Lysiand Glui** was designed for helical conformations. The choice of
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the residues and positions of residues by which the conformational restriction
was introduced were based on conformational studies of other peptides (Rizo
and Gierasch, 1992; Marqusee and Baldwin, 1987; Osapay and Taylor, 1990).

In order to induce, stabilize, and define turn or helical conformations in
certain regions, two different peptides were designed to include cyclizations via
disulfide bonds or lactam bonds that were introduced in specific regions for each
peptide. If a certain secondary structure in a given region is essential for the
bioactive conformation of glucagon, only the peptide which possesses the
required secondary structure will have significant binding affinity, while greatly
reduced binding affinity will be observed for the peptide with inappropriate
conformations. Based on this hypothesis, several N-terminal regions of glucagon
were scanned with these cyclizations.

The design of the cyclic peptides used in this study was based on the
following assumptions. First, although almost all of the residues in the glucagon
sequence seem to be essential to attain significant binding affinity, some residues
can be substituted without substantial loss of binding affinity, whereas other
residues appear to be essential to receptor recognition. Thus, residues such as
His!, Pheé, Ser®, Tyr10, Asp!5, Arg!8, and residues 22-29 were not replaced to
introduce cyclization. Second, cyclizations via disulfide bridges between Cyst
and Cysi*> (Rizo and Gierasch, 1992) and via lactam bridges between Lysiand

Glui** (Marqusee and Baldwin, 1987; Osapay and Taylor, 1990), respectively, are
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Figure 3.1 Schematic diagram of positional cyclization scanning.
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assumed to define turn and helical conformations regardless the difference of
individual sequences of the peptides.

In order to evaluate the hypothesis and to achieve the objective of
discovering a bioactive conformation required for substantial receptor
recognition, four glucagon analogues conformationally constrained via disulfide
bridges (25, 27, 29, 31) that would induce and stabilize turn conformations and
four of their linear counterparts (24, 26, 28, 30) were designed and synthesized
(Table 3.1). For helical conformations, six cyclic glucagon analogues with lactam

bridges (32-37) were synthesized and evaluated (Table 3.1).

3.2. Results and Discussion
a) Glucagon analogues cyclized via disulfide bridges between Cys and Cysi*>

As discussed above, four glucagon analogues conformationally restricted
via disulfide bridges between cysteine residues 2 and 7 (25), 4 and 9 (26), 7 and
12 (29), 14 and 19 (31) were synthesized by the Fmoc/t-butyl strategy of solid-
phase peptide chemistry. These disulfide bridges between Cys at position i and
Cys at position i+5 were intended to influence the conformations of the
analogues in which the cyclization was applied for turn conformations. On the
other hand, their linear counterparts with free sulfhydryl groups of cysteine
residues were also prepared to assess the effect of replacement of the residues,

that were substituted with cysteines.



Table 3.1 Biological activities of the conformationally restricted glucagon analogues, 24-37.

Receptor Binding Adenylate Cyclase Activity
Compound 1Cs0 (nM) Relative ECso (nM) Maximum pA2
Binding (%) Stimulation(%)

Glucagon 1.5 100 59 100 -
24 [Cys?7]glucagon amide 5.6 27 418 502 -
25 c[Cys?’]glucagon amide 101 1.5 9,200 23 -
26 [Cys*’]glucagon amide 3.6 42 295 18¢ -
27 c[Cys*%]glucagon amide 84.5 1.7 295 7.5¢ -
28 [Cys?12Jglucagon amide 6.4 23 59 1002 -
29 c[Cys”1?]glucagon amide 558 0.27 5,900 53b -
30 [Cys'")glucagon amide 13.7 11 236 100- -
31 c[Cys"V)glucagon amide 562 0.27 7,500 30b -

Maximum stimulation at the concentration of »10 uM, *20uM, and < 1uM.

c6



Table 3.1 (Continued)

Receptor Binding Adenylate Cyclase Activity
Compound ] ]
ICGso(nM)  Relative  ECso (nM) Maximum PA:2
Binding (%) Stimulation(%)
Glucagon 15 100 59 100 -
32 c|[Lys" Glu’]glucagon amide 6.0 25 ia.n - 8.28
33 c[Lys%, Glu’]glucagon amide 0.20 760 390 12 8.26
34 c[Lys’, Glu'glucagon amide 13.6 n 47 17 -
35 c[Lys’, Glu]glucagon amide 652 0.23 23 19 -
36 c[Lys", Glu'’]glucagon amide 1.7 87 6.3 85 -
37 c[LysY, Glu?!Jglucagon amide 0.24 630 0.27 98 -

2 i.a. inactive up to 10 M.

€6
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All of the linear glucagon analogues (24, 26, 28, 30) with free sulfhydryl
group-containing cysteines showed slightly decreased binding affinity compared
to native glucagon (27, 42, 23, and 11%, respectively). On the other hand, the
cyclic glucagon analogues with disulfide bridges (25, 27, 29, 31) demonstrated
very poor receptor binding abilities (1.5, 1.7, 0.27, and 0.27%, respectively).

Of the four glucagon analogues cyclized via disulfide bridges, three
analogues (25, 27, 29; Table 3.1) contain this conformational restriction in the N-
terminal region, while the disulfide bridge was introduced in the middle of the
sequence for the analogue 31. The poor binding affinities of these analogues,
compared to their linear counterparts and glucagon, suggest that the turn
conformations they induce in the N-terminal region and between residues 14-19
are not the conformations which are necessary for maximized interaction with
the receptor. These results are inconsistent with the theoretically expected
conformations of Korn and Ottensmeyer (Korn and Ottensmeyer, 1983), who
proposed B-turn conformations between residues 2-5 and 15-19. However, the
poor receptor binding affinity of the cyclic analogues suggests that the predicted
B-turn conformations in the regions where the disulfide bridges were
incorporated for the cyclic analogues, do not seem to be the compatible
conformations with the receptor. This newly discovered information confirms
the results of experiments performed to reinforce the B-turn potentials between

residues 2-5 (Unson et al., 1989a). In their experiment, residues 2-5 were
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replaced with amino acids that may enhance the B-turn potentials, but the
glucagon analogues with these multiple substitutions did not bind to the

glucagon receptor, either.

b) Glucagon analogues cyclized via lactam bridges between Lys! and Glui*+

With the same rationale used to design the cyclic glucagon analogues with
disulfide bridges for turn conformations, cyclic glucagon analogues with lactam
bridges between Lys at position i and Glu at position i+4 were prepared in order
to induce and stabilize helical conformations. In this case, the linear counterparts
with the substitutions of Lys and Glu were not synthesized because the linear
analogues would have different properties than the cyclic analogues. The
substituted Lys and Glu in the linear analogues would generate undesired
positive and negative charges for the side chain functional groups of Lys and Glu
that did not participate in the cyclization, while the cyclized analogues do not
possess these unwanted charges.

Compared to the weak binding affinity demonstrated by the cyclic
glucagon analogues with disulfide bridges, most of the cyclic glucagon
analogues with lactam bridges between residues 3 and 7 (32), 5 and 9 (33), 7 and
11 (34), 9 and 13 (35), 13 and 17 (36), 17 and 21 (37) displayed significant binding

affinities for the glucagon receptor (25, 760, 11, 0.23, 87, and 626%, respectively).
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In particular, the analogue 37, c[Lys!’, Glu?!]glucagon amide, showed
extremely good binding affinity (8-fold greater than glucagon), which is not
surprising because the superagonist (Bregman et al., 1986), [Lys!”-1¢, Glu?!]
glucagon was observed to possess very potent binding affinity (5-fold greater
than glucagon), and the extended a-helical conformation by the salt bridge
between Lys!® and Glu?! of the superagonist observed in the X-ray crystal
structure seems to be responsible for the amplified binding affinity (Sturm et al.,
1998). These results confirm that the cyclization via a lactam bridge between Lys!
and Glui** actually induced and stabilized the helical conformation. In addition,
the increased binding affinity of the analogue 37 suggests that the salt bridge
formed in the superagonist is indeed accountable for the enhanced receptor
recognition of the superagonist [Lys!”18, Glu?tJglucagon.

Except for the analogue 35, c[Lys®, Glu'®Jglucagon amide, the increased
binding affinities of the other analogues 32-34 and 36-37 may result from induced
helical conformations. Since the conformational restriction was introduced in the
N-terminal region for analogues 32-34 (Table 3.1), and in the middle region
proximate to the C-terminal region for analogues 36-37 (Table 3.1), the enhanced
binding affinity of these analogues suggests that the bioactive conformation of
glucagon may consist of helices in the N-terminal region and in the half of the
middle region that is close to the C-terminal region, while the helical

conformation induced in the front half of the middle region proximate to the N-
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terminal region disturbs the interaction with the receptor significantly. These
results are consistent with the weak receptor recognition by the glucagon
analogues cyclized via disulfide bridges discussed above, and successfully
demonstrates the possibility of identifying the bioactive conformation required
for optimum interaction with the receptor using conformationally restricted
analogues in which the conformational restriction is utilized to induce a
particular secondary structure.

The early conformational study of glucagon by 2D-NMR spectroscopy
(Braun et al., 1983) in a lipid/water environment demonstrated an extended
conformation between residues 5-9, a helix-like turn for residues 10-14, and
another extended conformation between 14-17. Contrary to the conformations
observed with NMR spectroscopy, the glucagon analogues cyclized via lactam
bridges revealed a new bioactive conformation for glucagon that consists of a
helical conformation between residues 1-10 and residues 13-29, and it is
proposed that the helical conformation does not reside between residues 10-13.
The glucagon conformations observed by NMR spectroscopy are different from
the putative glucagon conformation obtained from the cyclic analogues, and the
results from cyclic glucagon analogues confirm that the micelles used in the
conformational study with NMR spectroscopy cannot mimic the glucagon

receptor.
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3.3. Conclusion

In an attempt to search for the bioactive conformation of glucagon, a series
of glucagon analogues conformationally restricted via disulfide and lactam
bridges have been designed and synthesized. Cyclizations via disulfide bridges
between Cys' and Cysi*> were introduced in order to induce and stabilize turn
conformations, while the cyclizations via lactam bridges between Lysi and Glui*+
were used to induce helical conformations. The decreased binding affinities of
all of the glucagon analogues cyclized via disulfide bridges suggested the
improbability of turn conformations in the N-terminal region and for residues
14-19. These results indicate that the earlier prediction of B-turn in these regions
by the propensity of amino acids for the secondary structures seems to be
invalid. On the other hand, the predominant helical conformations in the N-
terminal region and residues 13-29 were confirmed by enhanced receptor
recognition of the glucagon analogues cyclized via lactam bridges. Helical
conformations in the N-terminal region were not observed in any conformational
studies performed earlier, and the results from these cyclic glucagon analogues
indicate that the conformations observed without the presence of the receptor are
somewhat different from the bioactive conformation. As a result, the bioactive
conformation of glucagon determined in this study consists of two helical
regions between residues 1-10 and 13-29 which are connected by a non-helical

region between residues 10-13, possibly as a helix-turn-helix conformation
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observed in numerous proteins (Nelson, 1995; Martinez-Hackert and Stock,

1997).
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Chapter 4
Structure-Activity Relationship Study of Glycine at Position 4:

Development of Potent Glucagon Antagonists

4.1. Introduction

Glucagon employs all of the usual natural amino acids except for cysteine,
isoleucine, proline, and glutamic acid, and most of the residues seem to
contribute to its binding affinity and signal transduction. As discussed in
Chapter 1 in brief, during the past 30 years, a number of structure-activity
relationship studies have been performed in order to understand the role of each
residue in the glucagon sequence, but these studies were mostly focused on the
key residues His!, Phe$, Ser®, Asp®, Tyr!0, Ser!!, Lys!2, Tyr!3, Asp!3, Ser!6, Argl”18,
Asp?!, and Trp?. Since glucagon has a very long sequence to be investigated
systematically, many residues, in particular, Gly+ still need our attention.

Glycine, the simplest amino acid, plays unique roles in peptides and
proteins. Because it does not have any side chain functional group, glycine can
provide a very high degree of mobility to enhance the flexibility of peptides, can
adopt D-amino acid phi and psi angles, and often can be found in the middle of
reverse turn structures (Lewis et al., 1973; Wilmot and Thornton, 1988; Rizo and

Gierasch, 1992).
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In glucagon, the only glycine is at the fourth position from the N-
terminus. The early studies of glucagon conformation by X-ray crystallography
(Sasaki et al., 1975) and 2D-NMR spectroscopy (Braun et al., 1983) did not
provide a definite structure of the N-terminal region of glucagon, and the role of
glycine residue is still obscure. The flexibility bestowed by glycine may have a
role in its biological activity because once glucagon binds to the receptor,
residues 1-4 may change in conformation to interact with the receptor in a way
that gives further thermodynamic stability to the glucagon-receptor complex,
resulting in the initiation of the biological response.

On the other hand, the empirical formalism of Chou and Fasman (Chou
and Fasman, 1978) suggested that a B-turn is located at residues 2-5 (Korn and
Ottensmeyer, 1983), and in an effort to maximize B-turn potentials, the residues
in the 2-5 region were substituted (Unson et al., 1989a). However, the analogues
that have the high B-turn potentials did not demonstrate significant binding
affinity and adenylate cyclase activity. The substantial losses of binding affinity
and adenylate cyclase activity suggest that a B-turn conformation is not the
bioactive conformation in the 2-5 region of glucagon.

Like glucagon, luteinizing hormone-releasing hormone (LHRH) also
contains a glycine residue in its sequence and it was suggested that a B-bend may
be an active conformation in LHRH (Monahan et al., 1973). Substitution of

glycine with D-alanine or D-phenylalanine in LHRH that might favor a B-bend
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conformation resulted in analogues with considerably enhanced activity (Coy et
al., 1976). Encouraged by this successful experiment, glycine at position 4 of
glucagon was also replaced by D-phenylalanine (McKee et al., 1986), and [D-
Phet]glucagon displayed comparable but slight less binding affinity (69% relative
to glucagon) and adenylate cyclase activity (86% relative to glucagon) as
glucagon. Surprisingly, the glycogenolytic activity of this analogue measured in
vivo was 6-fold higher than that of the native hormone (McKee et al., 1986), but
this does not necessarily provide support for the role of the -bend in glucagon
receptor recognition.

Conformational studies of glucagon by X-ray crystallography and 2D
NMR spectroscopy suggest flexibility for the N-terminal region. This flexibility
may be increased in glucagon antagonists that do not have a histidine residue,
such as [desHis!, Glu®]glucagon amide (Unson et al., 1987) and [desHis!, desPhes,
Glu?]glucagon amide (Azizeh et al.,, 1995). In an attempt to impede and bias the
N-terminal conformation of glucagon antagonists, side chains, such as methyl
and isobutyl groups, were added to the glycine at position 4. The addition of the
side chains to the a-carbon of glycine was proposed to hinder the free torsional
rotation of phi and psi angles of glycine and place the N-terminal residues in
different three-dimensional space with regard to the side chain functionalities. It
also was hypothesized that different placement of the N-terminal region in three-

dimensional space would reveal different biological activities to provide a partial
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picture of the required bioactive conformation of glucagon antagonists.
Therefore, the glycine residue of the potent glucagon antagonist [desHis!,
Glu®]glucagon amide was replaced with L- and D-enantiomers of alanine and
leucine (Table 4.1, 38-41). For the substitution of glycine, [desHis!?, Glu®]glucagon
amide was selected rather than [desHis!, desPhe?, Glu®]glucagon amide, because

the former has a slightly higher binding affinity than the latter.

4.2. Results and Discussion

The glycine residue at position 4 of the glucagon antagonist [desHis!,
Glu]glucagon amide was replaced with L- and D-enantiomers of alanine and
leucine, and their biological results are summarized in Table 4.1. Fortunately,
binding affinity did not suffer from these substitutions, but unexpectedly, all of
the analogues, 38-41, displayed similar glucagon receptor binding affinities.
Although it is difficult to compare meaningfully the binding affinity between the
analogues with L- and D-enantiomeric amino acids, in general, substitution of
the L-enantiomers of alanine and leucine demonstrated better binding affinity
than the D-enantiomers, indicating a slight preference of stereoselective
recognition by the glucagon receptor.

From these results, several conclusions can be drawn. First, since the large
substituent, the isobutyl group of leucine, and the relative three-dimensional

orientation of the substituent did not interfere the interaction of analogues 40 and



Table 4.1 Biological activities of the glucagon antagonists with substitution at position 4, 38-41.

Receptor Binding Adenylate Cyclase Activity
Compound _ _
ICs0 (nM)  Relative ECsp (nM) Maximum PA:2
Binding (%) Stimulation(%)
Glucagon 15 100 59 100 -
[desHis!, Glu®]glucagon amide® 3.75 40 ia® 0 7.25
[desHis!, desPhe®, Glu®]glucagon amide* 48 31 ia. 0 8.20
38 [desHis!, Alat, Glu®]glucagon amide 21 70 ia. 0 8.13
39 [desHis!, D-Ala%, Glu®]glucagon amide 38 40 ia. 0 8.21
40 [desHis!, Leu?, Glu®]glucagon amide 20 75 ia. 0 8.22
41 [desHis!, D-Leu!, Glu®]glucagon amide 9.0 17 ia. 0 8.19

aj.a., inactive up to 100 uM; ® Unson et al., 1987; < Azizeh et al., 1995.

o1
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41 with the receptor, it can be suggested that the glycine residue of glucagon and
glucagon antagonists appears not to directly interact with the receptor when the
glucagon analogues bind to the receptor, and lack of direct contact between the
residue at position 4 with the receptor may have resulted in the good binding
affinities and relative indifference of binding affinities between different
substituents and their stereochemistries.

Second, it is also possible that significant binding affinities were observed
for these analogues because of the extension of the hydrophobic patch located in
the N-terminal region by alanine or leucine. The early studies of glucagon
conformation by X-ray crystallography (Sasaki et al., 1975) and 2D-NMR
spectroscopy (Braun et al., 1983) revealed the hydrophobic patch organized
mostly by Phe¢, Tyr1013, and Leu'4, and this hydrophobic patch was proved to be
important for substantial receptor recognition in Chapter 2. The extension of the
hydrophobic patch may strengthen the interaction with the receptor, resulting in
significant binding affinities.

Third, according to the probability calculation of secondary structure by
the residues in the sequence (Chou and Fasman, 1978), alanine and leucine are
found to have a high potential to form a-helical conformations. As discussed in
Chapter 3, there is a great possibility that the conformation of the N-terminal

region required for optimized receptor recognition is helical, and in that case, the
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binding affinity would certainly be enhanced if a helical conformation was
induced by the addition of alanine or leucine.

Analogues 38-41 exhibited not only increased binding affinity compared
to the parent antagonist [desHis!, Glu®]glucagon amide, but also enhanced (10-
fold) antagonistic activity. This is not totally unexpected when it is considered
that increased receptor recognition of an antagonist, in general, enhances
antagonistic activity, and the strengthened interaction between the analogues 38-
41 and the glucagon receptor, discussed above, may be responsible for their
magnified reluctance to be replaced by the native hormone. Therefore, extremely

potent glucagon antagonists with high binding affinity were achieved.

4.3. Conclusion

In an attempt to study the functional role of the glycine residue at position
4 of glucagon, L- and D-enantiomers of alanine and leucine were substituted in
the sequence of the potent glucagon antagonist [desHis!, Glu®]glucagon amide.
The methyl and isobutyl substituents were introduced to differentiate the
glucagon receptor preference, if any, for the orientation of the N-terminal
residues. The L-enantiomeric amino acids demonstrated only slightly better
receptor recognition than the D-enantiomers. This result suggests that the
glycine residue in glucagon or the glucagon antagonists is exposed to the outside

of the receptor. The enhanced binding affinity of analogues 38-41 may have
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resulted from the strengthened hydrophobic patch in the N-terminal region
and/or the increased propensity for a helical conformation due to the
substitution of alanine and leucine for glycine. Thus, with the help of increased
interaction with the receptor, the antagonist activity of the synthesized analogues
was enhanced 10-fold compared to the parent antagonist, [desHis!,
Glu’]glucagon amide and potent glucagon antagonists with high binding affinity

were obtained.
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Chapter 5
In Vivo Diabetic Ketoacidosis Study Using Type 1 Diabetic Dog Model and

the Potent Glucagon Antagonist [desHis!, desPhe$, Glu’]Glucagon Amide

5.1. Introduction
a) Diabetic ketoacidosis

Diabetic ketoacidosis (DKA) is an important and serious complication of
diabetes mellitus. It is still relatively common and continues to be significant
cause of morbidity and mortality among patients with diabetes mellitus
(Wetterhall et al., 1992). From 1980 to 1987, the number of persons in the United
States known to have diabetes mellitus increased by 1 million, to 6.82 million,
and DKA admissions in 1987 were 12.5 per 1,000 individuals. The mortality rate
was 0.25 per 1,000 individuals, or 2% of those admitted with DKA, and this death
rate has only lowered by 18% since 1980.

Although DKA is a complex metabolic disturbance of glucose, fat, and
protein metabolism, the signs and symptoms are due primarily to abnormalities
in the metabolism of carbohydrate and fat. Enhanced production of ketone
bodies requires changes in the metabolic patterns of both adipose tissue and
liver. The substrate for acetoacetate and B-hydroxybutyrate synthesis by the
liver is long chain fatty acids, and the latter are readily provided from

triglycerides stored in adipose tissue through the operation of a hormone-
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sensitive lipase which is activated in conditions such as starvation, exercise, and
uncontrollable diabetes. The released free fatty acids are transported via plasma
to the liver and other tissues, and in the liver, the incoming fatty acids can be
esterified to form triglycerides (for storage or release in very low density
lipoprotein (VLDL) particles) or they may be oxidized (Mayes and Felts, 1967,
McGarry and Foster, 1971b; Ontko, 1972). Partitioning between the two
pathways determines the rate of ketogenesis, and if the rate of fatty acid
oxidation is high, overproduction of ketones takes place. These ketone bodies
including acetoacetate and B-hydroxybutyrate are utilized as universally
oxidizable substrates for energy purposes. Although the increased production of
acetoacetate and B-hydroxybutyrate that characterizes starvation is a beneficial
adaptive response, increased accumulation of ketone bodies is dangerous
because they are powerful organic acids capable of producing profound
metabolic acidosis.

However, the increased delivery of free fatty acids from the adipocytes is
not sufficient to induce ketogenesis, and the second necessary element is
activation of hepatic fatty acid oxidative capacity. The required changes in
adipose and hepatic tissues are initiated by alteration in plasma concentration of
glucagon and insulin. A low glucagon/insulin ratio, characteristic of the fed
state, inhibits free fatty acid release from adipose tissue stores and deactivates

the B-oxidative sequence for free fatty acids, which controls the ketogenic rate in
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liver. On the other hand, change to a high glucagon/insulin ratio, as occurs in
fasting or diabetes, is characterized by enhanced lipolysis and activation of
hepatic fatty acid oxidation.

Although ketogenesis is initiated by insulin deficiency, it was proposed
(McGarry et al., 1975) that the hepatic ketogenic machinery was under the
bihormonal control as has been postulated for glucose homeostasis by Unger
(Unger, 1978). The glucagon/insulin ratio is more important than absolute
concentrations of either hormone in determining metabolic events within
hepatocytes, and strong support for the key role of glucagon in regulating
ketogenic potential has come from a study which showed that hyperglycemia
and ketonemia in type 1 diabetic patients withdrawn from insulin was almost
completely inhibited when glucagon secretion was blocked by infusion of
somatostatin (Gerich et al., 1975).

In the absence of food or in uncontrolled diabetes, insulin is deficient and
glucagon concentration is high. This results in a fall in malonyl-CoA synthesis,
with the consequence that lipogenesis slows and carnitine acyltransferase I
becomes active. Carnitine acyltransferases I and II are key enzymes in the
oxidative pathway (Figure 5.1). Since long-chain fatty acid cannot enter the
mitochondria by passive diffusion, for transfer to occur there must be an
esterification with carnitine, a reaction catalyzed by carnitine acyltransferase I

(CAT ), and long-chain fatty acyl-CoA is resynthesized by a reversal of the
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Figure 5.1 Major disposal routes of long chain fatty acids in liver. CAT I and

CAT II refer to carnitine acyltransferases I and II, respectively.

carnitine esterification reaction inside the mitochondrion under the influence of
carnitine acyltransferase II (CAT II; McGarry and Foster, 1971a and 1971b).
Therefore, carnitine acts as a shuttle for fatty acid transfer into mitochondria, and
this is the first important step in fatty acid oxidation (McGarry and Foster, 1980;
Ramsay and Arduini, 1993).

As a consequence of fatty acid oxidation, acetyl-CoA is generated, and the
high rates of acetyl-CoA generation yield high rates of ketone synthesis. On the
other hand, the rate of acetyl-CoA generation is primarily determined by the rate

of fatty acid oxidation, and this, in turn, is controlled by the activity of the
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carnitine acyltransferase system. In short, the liver is potentially ketogenic when
carnitine acyltransferase is activated (McGarry and Foster, 1976). The produced
acetyl-CoA from the oxidation of fatty acids gives rise to the ketone bodies via

the reactions of HMG-CoA cycle as indicated by the following equations:

2 Acetyl-CoA — Acetoacetyl-CoA + CoA
Acetoacetyl-CoA + Acetyl-CoA — Hydroxymethylglutaryl-CoA + CoA
Hydroxymethylglutaryl-CoA — Acetoacetate + Acetyl-CoA

Acetoacetate + NADH + H* — 3-Hydroxybutyrate + NAD*

While all of the enzymes involved in these reactions have been found in
extrahepatic tissues such as heart, kidney, and intestine, the enzyme generally
considered rate-limiting for the sequence, HMG-CoA synthase, is present in large
quantities only in liver, which marks this tissue as the primary site for
ketogenesis (Williamson et al., 1968). The ketone bodies produced by the liver
readily diffuse into the blood and are carried to extrahepatic tissues where they
are converted back into acetyl-CoA before their complete combustion via the

reactions of the Krebs cycle, as shown:

3-Hydroxybutyrate + NAD* — Acetoacetate + NADH + H*

Acetoacetate + Succinyl-CoA — Acetoacetyl-CoA + Succinate
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Acetoacetate-CoA + CoA — 2 Acetyl-CoA

The regeneration of acetoacetyl-CoA is catalyzed by 3-oxoacid-CoA-transferase,
an enzyme that appears to be present in significant quantities in all tissues except
liver, thus accounting for the failure of the latter to metabolize the ketone bodies

at an appreciable rate (McGarry and Foster, 1980).

b) Objective

The role of insulin in IDDM has been recognized since the classical
experiments of Mering and Minkowski showed that insulin, discovered by
Banting and Best (Banting and Best, 1921), could reverse some of the metabolic
abnormalities. The bihormonal hypothesis, suggested by Unger and Orci
(Unger, 1978; Unger and Orci, 1975), contends that not only insulin deficiency
but also inappropriate high levels of glucagon may be important either directly
or indirectly in some forms of diabetes and diabetic syndromes. A potent, long
acting, pure antagonist of glucagon is essential to evaluate this hypothesis, and
this is our long-term objective.

As discussed briefly in Chapter 1, the high glucose concentration of
streptozotocin-induced diabetic rats has successfully been reduced with potent
glucagon antagonists (Johnson et al., 1982; Van Tine et al., 1996) to 65% of the

initial level over 1 hour. These experiments demonstrated the potential
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application of the glucagon antagonists as therapeutic agents for regulating
hyperglycemia by obstructing the interaction of glucagon with the glucagon
receptor. Glucagon is one of the important regulating hormones for
glycogenolysis and gluconeogenesis, but it also has a very critical role for
stimulating lipolysis in adipose tissue and fatty acid oxidation in the liver, which
result in high production of acetyl-CoA and ultimately cause diabetic
ketoacidosis.

It is interesting to notice that the antilipolytic action of insulin in diabetic
ketoacidosis does not generally have immediate effect on hepatic ketone
production because hepatic triglycerides are markedly increased and can
function as substrates for fatty acid oxidation for several hours even when
plasma fatty acid levels are returned to normal (Van Harken et al., 1969). In this
situation response doubtless requires depletion of hepatic triglycerides or
deactivation of the carnitine acyltransferase system, accounting for the protracted
recovery period that characterizes diabetic ketoacidosis (McGarry and Foster,
1972). Since glucagon is heavily involved in regulation of malonyl-CoA, the
primary substrate for long-chain fatty acid synthesis, and the precipitously
decreased malonyl-CoA concentration by glucagon activates carnitine
acyltransferase and initiates maximal fatty acid oxidation, and the change in
cellular malonyl-CoA levels indicates that glucagon exerted its inhibitory action

on fatty acid synthesis via blockade of glycolysis and partial inhibition of a more
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distal enzyme, probably acetyl-CoA carboxylase. On the basis of these
observations, it can be presumed that diabetic ketoacidosis can be reversed by
lowering the glucagon level (more accurately lowering glucagon/insulin ratio)
with consequent reduction of hepatic carnitine content and replenishment of
tissue glycogen stores. Therefore, in an attempt to reverse diabetic ketoacidosis,
the potent glucagon antagonist (without any agonist activity, even in extremely
high concentration) [desHis!, desPhe¢, Glu®]glucagon amide was used for an in

vivo diabetic ketoacidosis study with alloxan-induced type 1 diabetic dogs.

5.2. Procedure
a) Induction of diabetes mellitus

Diabetes mellitus was induced in each dog (beagle, 10 kg of body weight)
by intravenous injection of alloxan, 65 mg/kg body weight (Sleeman et al., 1992).
Diabetes developed in 2-3 days. Insulin deficiency was confirmed by
documenting hyperglycemia, glucosuria, and low plasma insulin levels (< 30
pM/L). All dogs were started on insulin treatment with lente insulin injected
subcutaneously twice daily at 12 hr intervals. Animals were fed a diet of 60
kcal/kg daily in 2 meals given at the time of insulin injection. Food intake was
adjusted to maintain each dog at the weight it had before developing diabetes.
Insulin was adjusted to keep the plasma glucose between 80 and 250 mg/dL.

Blood samples were obtained by venipuncture.
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b) Induction of controlled ketoacidosis

Two weeks after induction of diabetes, a catheter was placed in the
jugular vein of each dog (Harano et al., 1991). After blood samples had been
drawn for measurement of glucose, insulin, and ketone bodies, insulin
administration was not given for two days and the animals were fasted for the
second day. Then, blood samples were drawn every two hours and assayed for
glucose, electrolytes, serum bicarbonate and ketones. Beginning at time zero, an
infusion of the glucagon antagonist, [desHis!, desPhe¢, Glu®]glucagon amide,
was given by bolus (0.3 mg/kg), followed by a continuous infusion of the
glucagon antagonist at 10 pg/kg-min (approximately 6 mg/h). Experiments
were continued for 6 hours. Following each 6-hour study, animals were given
their regular dosage of insulin and regular meals. Control experiments were
performed with the same animals on another day using saline infusion instead of

the active drug.

5.3. Results and Discussion

In this investigation of the utilization of glucagon antagonist, in particular
[desHis!, desPhe%, Glu®]glucagon amide, for the treatment of diabetic
ketoacidosis, four dogs were used. All four of them were male beagles and
weighed approximately 10 kg when diabetes mellitus was induced by alloxan

treatment, which destroys pancreatic p-cells that produce insulin (Sleeman et al.,
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1992). Unfortunately, one dog was lost presumably due to the toxicity of alloxan
and complications after alloxan treatment. A week after the alloxan treatment,
symptoms of diabetes mellitus were confirmed by monitoring blood glucose
concentration (> 200 mg/dL), and the all dogs were started to be treated with
insulin.

Before the experiments of infusion of saline or glucagon antagonist
started, the first two dogs were fasted from the night before and the daily dose of
insulin was not given from a day before. Since the dogs showed mild
ketoacidosis, the one-day denial of insulin administration before the experiments
did not induce severe diabetic ketoacidosis. The bicarbonate concentration in the
blood reflects the acid/base equilibrium in the blood, which can be influenced by
the development of diabetic ketoacidosis because produced ketone bodies
decrease the blood pH. Although low concentrations of bicarbonate at time 0 hr
of the experiments were desired to evaluate the glucagon antagonist, the initial
bicarbonate concentrations of these two dogs were between 16 (mild
ketoacidosis) and 26 (normal). Due to these unfortunate high concentrations of
bicarbonate on the beginning of the experiments, the dogs were not given insulin
for two days before the experiments started in order to induce severe diabetic
ketoacidosis, but this treatment did not increase diabetic ketoacidosis either
(Tables 5.1 and 5.2).

The glucagon antagonist (36 mg) was dissolved in 10 mL of aqueous



Table 5.1 In vivo diabetic ketoacidosis study using alloxan induced diabetic dogs with saline infusion.

Experiment Time Glucose Sodium Potassium Chloride Bicarbonate
(hours) (mg/dL) (mmol/L) (mmol/L) (mmol/L) (mmol/L)
0 78 147 37 110 26
Alpha 2 111 149 40 119 2
1 4 140 147 3.7 117 23
6 150 152 3.2 127 16
0 248 143 43 110 21
Beta 2 324 142 38 113 2
1 4 295 143 4.0 112 21
6 226 145 3.7 114 20
0 536 138 4.5 109 16
Alpha 2 422 142 41 115 16
) 4 336 145 34 113 15
6 295 146 3.6 121 12

8I1



Table 5.1 (Continued)

Experiment Time Glucose Sodium Potassium Chloride Bicarbonate
(hours) (mg/dL) (mmol/L) (mmol/L) (mmol/L) (mmol/L)

0 384 142 4.6 105 22

Beta 2 345 142 39 110 21
) 4 311 145 41 113 20

6 274 138 4.0 1 17

0 174 143 48 105 22

Delta 2 204 144 41 109 2
1 4 191 146 4.0 111 23

6 171 147 42 113 22

0 135 148 48 111 19

Delta 2 127 148 48 110 20
2 4 m 148 40 114 17

6 120 149 41 115 17

611



Table 5.2 In vivo diabetic ketoacidosis study using alloxan induced diabetic dogs with the infusion of the glucagon

antagonist [desHis!, desPhe®, Glu®}glucagon amide.

Experiment Time Glucose Sodium Potassium Chloride Bicarbonate
(hours) (mg/dL) (mmol/L) (mmol/L) (mmol/L) (mmol/L)
0 72 147 4.7 110 24
Alpha 2 106 148 42 112 2
1 4 111 147 44 114 23
6 127 146 44 114 21
0 360 145 43 109 23
Beta 2 353 146 10 110 2
1 4 290 147 4.1 114 21
6 262 143 39 113 20
0 326 143 4.6 104 23
Alpha 2 306 142 42 108 2
D) 4 274 143 4.1 113 22
6 219 144 39 m 21

0oc1



Table 5.2 (Continued)

Experiment Time Glucose Sodium Potassium Chloride Bicarbonate
(hours) (mg/dL) (mmol/L) (mmol/L) (mmol/L) (mmol/L)
0 385 142 4.7 106 21
Beta 2 322 143 14 109 29
2 4 314 143 44 111 20
6 293 141 44 111 19
0 363 144 49 105 19
Alpha 2 309 147 45 1 19
3 4 294 149 43 110 19
6 A . . . -
0 287 144 4.8 109 19
Beta 2 205 147 14 117 19
3 4 182 148 4.3 116 18
6 - - - - -

* Blood samples were lost in the clinical laboratory and the values could not be obtained.



Table 5.2 (Continued)

Experiment Time Glucose Sodium Potassium Chloride Bicarbonate
(hours) (mg/dL) (mmol/L) (mmol/L) (mmol/L) (mmol/L)

0 121 143 4.5 110 22

Delta 2 130 148 42 115 7

1 4 124 147 4.3 117 20

6 143 148 4.2 118 12

0 135 147 4.9 115 20

Delta 5 17 116 48 6 .

2 4 228 145 44 117 20

6 209 147 44 118 21

acl
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hydrochloride (1 mM) and this solution subsequently further diluted by the
saline was infused over 6 hr at the rate of 12 mg/hr for each dog after 3 mg of
bolus at time 0. In the early experiments, the glucagon antagonists in 600 mL of
saline solution were delivered intravenously (100 mL/hr), but the dilution effect
on the blood by the large volume of solution infused resulted in a decrease of
glucose concentration even for the control experiment with saline. Thus, the
volume used to dilute the glucagon antagonist was decreased to half, and 50 mL
of the solution that dissolved 12 mg of glucagon antagonist was delivered
intravenously in the later experiments. These modifications of insulin rejection
and the volume of the solution delivered were unavoidable in order to determine
the better experimental conditions.

As shown in Tables 5.1 and 5.2, a wide range of results were obtained in
the experiments. Since the animals were caged during the experiments and the
animals were anxious due to this condition, a wide range of results were
observed. This condition stressed the animals and resulted in violent behaviors,
such as chewing up the intravenous line and pulling off the catheter. These
behaviors disturbed the continuous infusion time because the fixation of the
intravenous line and the reinsertion of catheter were necessary, contributing to
the deviations in the results. Although it was not desirable, the use of a
tranquilizer was necessary when the violent behavior of the dogs was not

controllable. On the other hand, since the experiments were performed over
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Table 5.3 In vivo diabetic ketoacidosis study using alloxan induced diabetic dogs:

Percentage of serum bicarbonate concentrations compared to initial value with

infused saline.

Time (hr) 0 2 4 6
Exp. 1 (%) 100 85 88 62
Exp. 2 (%) 100 100 94 75
Exp. 3 (%) 100 95 91 77
Exp. 4 (%) 100 105 89 89
Average (%) 100 96 91 76
gf;f::gf) i 0.00 7.60 1.99 9.91

long periods because the dogs needed to be rested for a week between

experiments, it is possible that the regeneration of pancreatic B-cells or the

increased production of insulin from the remaining pancreatic f3-cells also

contributed to the inconsistency of the results to some extent.

Because the initial blood chemistry at time 0 was different for each

experiment due to the reasons described above, only the relative ratios of the

data compared to the values at time 0 for each experiment were calculated and

listed in Tables 5.3 and 5.4. Although it is unfortunate that the decreased glucose

concentrations by the glucagon antagonist and the saline solution could not

demonstrate the effectiveness of the antagonist in this investigation, the influence
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Table 5.4 In vivo diabetic ketoacidosis study using alloxan induced diabetic dogs:
Percentage of serum bicarbonate concentrations compared to initial value with

the infused glucagon antagonist [desHis!, desPhe?, Glu®]Jglucagon amide.

Time (hr) 0 2 4 6
Exp.1(%) 100 92 96 88
Exp. 2 (%) 100 91 91 87
Exp. 3 (%) 100 96 96 91
Exp. 4 (%) 100 90 95 90
Exp. 5 (%) 100 100 100 =
Exp. 6 (%) 100 100 95 -2
Exp. 7 (%) 100 105 100 105
Average (%) 100 96 96 92
Standard 0.00 512 284 6.59

2 Blood samples were lost in the clinical laboratory and the values could not be

obtained.

on the bicarbonate concentration by the glucagon antagonist were observed
(Table 5.4). While the bicarbonate concentrations of the blood were lowered to
76% of the initial values when the animals were treated with saline, the glucagon
antagonist prevented the bicarbonate concentration from falling below 90% of

the initial value (Figure 5.2).
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Figure 5.2 Average percentage of serum bicarbonate concentrations in in vivo

diabetic ketoacidosis study.

Although the glucagon antagonist demonstrated its ability of not
aggravating the diabetic ketoacidosis, it was hoped that the glucagon antagonist
could have reversed the diabetic ketoacidosis, achieved by blocking the
interaction of glucagon with its receptor. Since the experiments only lasted for 6
hr, it is possible that further treatment with the glucagon antagonists would
improve and reverse diabetic ketoacidosis. In addition, the dose of the glucagon
antagonist was calculated from the experiment performed earlier with

streptozotocin-induced diabetic rat (Van Tine et al., 1996). In the previous
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Figure 5.3 Average percentage of serum glucose concentrations in in vivo diabetic

ketoacidosis study.

experiment the glucagon antagonist was infused directly into the portal vein to
the liver, while the glucagon antagonist had to circulate through the bodies of the
dogs before it reached the liver in this study, probably resulting in distribution
and dilution of the glucagon antagonist, potential absorption by other organs,
and proteolytic degradation during the circulation. Therefore, the maximum
effect of the glucagon antagonist may not have been achieved due to incomplete
consideration of the fate of the glucagon antagonist when it was infused and

miscalculation of the dosage of the antagonist from it.
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Severe acidosis has adverse effects on many organ systems, particularly
the central nervous and cardiovascular systems. Potential problems include
confusion, stupor, or even coma, arrhythmia, decreased cardiac contractility, and
vasodilation that may ultimately lead to heart failure and/or hypotension.
Therefore, the correction of acidosis is necessary, and although the routine use of
intravenous bicarbonate in the management of diabetic ketoacidosis is not
recommended, it is unavoidable when the situation is critical. Although the
glucagon antagonist did not reverse the diabetic ketoacidosis in this
investigation, it has the potential to be developed as an effective therapeutic

agent in the management of diabetic ketoacidosis.

5.4. Conclusion

Glucagon is a very effective hormone for glycogenolysis and
gluconeogenesis as well as ketoacidosis. Although ketoacidosis is a normal
phenomenon during a fast, it is a very critical problem for the diabetic because it
can cause failures of systems including the central nervous system and
cardiovascular system. Since it was demonstrated that the ratio of
glucagon/insulin in the blood is important for the release of free fatty acids from
the adipocytes and the fatty acid oxidation in the hepatocytes, in an attempt to
lower the glucagon/insulin ratio, the potent glucagon antagonist [desHis!,

desPhes, Glu®]glucagon amide has been used for the management of diabetic
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ketoacidosis. In this investigation, diabetes mellitus was induced in three dogs
by the treatment with alloxan, and the glucose and bicarbonate concentrations of
the blood were monitored while the animals were infused with the glucagon
antagonist over six hours. Although the concentrations of ketone bodies were
not observed, the bicarbonate concentrations (which correspond to the
concentrations of the ketone bodies) were maintained and not aggravated when
the animals were treated with the glucagon antagonist. This result indicates that
the glucagon antagonist has successfully disturbed the interaction of glucagon
with its receptor, lowering the glucagon/insulin ratio, and this study opens a
possible new application of glucagon antagonists for the treatment of diabetic

ketoacidosis.
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Chapter 6
Conformational Study of [desHis?, desPhe$, Glu®]Glucagon Amide by Two-
Dimensional Nuclear Magnetic Resonance Spectroscopy in the Presence of

Perdeuterated Dodecylphosphocholine

6.1. Introduction

Most peptide hormones have linear structures, and due to their extremely
high flexibility, they possess numerous conformations in solution, which are
dependent on several factors including intra- and intermolecular hydrogen
bonds, acidity of the solution, hydrophilic and hydrophobic environments, and
interactions with other molecules. A deep knowledge of the conformational
behavior of peptides is beneficial to understanding their biological activity
(Hruby, 1974; Farmer, 1980).

A large number of biophysical methods are available for determining the
conformational and topographical features of peptide hormones, including X-ray
crystallography, multi-dimensional nuclear magnetic resonance spectroscopy,
circular dichroism, and Raman spectroscopy. The most unambiguous picture of
a structure can be obtained from X-ray crystallography, but this particular
method is restricted to crystalline samples which are not always available. Many
examples in the literature have demonstrated that the conformation of a small

molecule in solution may be different to a great extent from those in the solid
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state (Kessler et al., 1981). The conformation in solution is determined mainly by
intramolecular hydrogen bonds and hydrophobic interactions, while the crystal
structure is determined by intermolecular hydrogen bonds as well as
intramolecular ones because of close contact between molecules in the crystal
lattice. The conformation may also be influenced by crystal packing forces. On
the other hand, nuclear magnetic resonance spectroscopy is the most suitable
method for determining experimentally the conformations of peptides in a more
natural solution state (Hruby, 1974; Kessler et al., 1985).

The conformations of peptides are determined mostly by the rotational
freedom of torsional bonds in the peptide backbones and the side chains, and a
number of different conformations of peptides in solution are in rapid
equilibrium with each other. In order to utilize NMR spectroscopy efficiently for
the determination of the conformations of peptides, several factors must be
satisfied. They include strong differentiation of chemical shifts and coupling
constants of similar amino acids within a peptide, strong differentiation of amide
proton (NH) chemical shifts, strong changes of NH-C*H proton coupling
constants, strong splitting between diastereotropic protons and groups including
side chains, and strong temperature dependence of NH chemical shift (Jardetzky,
1980; Kessler, 1982).

Most NMR studies of peptides identify secondary structures present, and

the conformation of the polypeptide is the result of the torsional rotation of phi
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and psi angles. The major types of secondary structures that are found in nature
are helical and sheet structures, which were first discovered by Pauling through
X-ray diffraction studies (Pauling et al., 1951). In addition to a-helix and B-sheet
structures, reverse turn structures are often observed; - and y-turns are the most
well known types of reverse turns (Figure 6.1). The B-turns often are stabilized
by hydrogen bonds between the carbonyl oxygen of the residue at the i position
and the amide NH of the residue at the i+3 position, while y-turns involve the
carbonyl oxygen of the residue at the i position and the amide NH of the residue

at the i+2 position.

a) Conformations of glucagon and a superagonist of glucagon, [Lys!718, Glu?]-

glucagon
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As briefly discussed in Chapter 1, glucagon, a long polypeptide, can
readily adopt a variety of conformations depending on the surrounding
environment (Korn and Ottensmeyer, 1983). Early circular dichroism (CD)
measurements found that glucagon exists in at least three conformational states
defined as having high, low or zero a-helical content. The first, a largely a-
helical conformation, includes three sub-states, a 55% a-helical structure found in
the crystalline state (Sasaki et al., 1975), a conformation containing 35% a-helix as
determined by CD measurements found in freshly made concentrated (> 1
mg/mL) basic solutions, presumably existing as a trimeric aggregate similar to
that found in the crystal (Gratzer et al., 1972), and a conformation adopted in the
helix-inducing solvent 2-chloroethanol, which may contain as much as 100% o-
helix (Srere and Brooks, 1969). The second state is a structure with 10-15% a-
helix as measured by CD, which exists in dilute solution from pH 2 to 11 (Srere
and Brooks, 1969). The third one is a largely anti-parallel B-structure in
concentrated day-old solutions at both high and low pH (Beaven et al., 1969;
Epand, 1971).

Although the X-ray crystal structure of glucagon (Figure 1.3) cannot be
considered to be necessarily related to the bioactive conformation, it revealed an
unambiguous picture of a glucagon conformation that may reflect some of the
bioactive conformation. The crystal structure of glucagon showed that the

helical regions correspond to about 16 residues of a-helix, extended at either end
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by 4 residues of less regular, right-handed helix (Sasaki et al., 1975). In crystals,
glucagon exists as a trimeric aggregate that was formed by hydrophobic
interaction of the Trp?5, Leu?¢, and Phe?? of one molecule with the Tyrl®13 and
Phe¢ of the other molecule. While the well-organized helical conformation at the
C-terminal region of glucagon was observed, the polypeptide chain of residues 1-
5 was shown to be flexible.

On the other hand, a solution conformation of glucagon was determined
by nuclear magnetic spectroscopy in the presence of micelles (Braun et al., 1983).
Perdeuterated dodecylphosphocholine was used to form micelles in order to
present a pseudo-membrane environment that may interact with glucagon.
Since the glucagon receptor is a G protein-coupled receptor, a membrane protein,
glucagon may interact with the membrane before it approaches the receptor.
Even though the conformation organized by the residues between 1-5 was not
resolved well due to the thermal fluctuation of the peptide chain, the backbone
conformation of the rest of the molecule includes a predominantly extended
polypeptide segment from residues 5-9, one helix-like turn formed by residues
10-14, another stretch of extended chain between residues 14 and 17, and three
turns of a distorted a-helix from residues 17 to 29.

In addition to glucagon, the structure of a glucagon superagonist, [Lys!7.18,
Glu?t]glucagon (Krstenansky et al.,, 1986), also was studied by X-ray

crystallography (Sturm et al., 1998). The crystal structure of the superagonist



Figure 6.2 Superimposition of the X-ray crystal structures of glucagon and [Lys!78, Glu2']-glucagon. Stereoview of
residues 16-23, including the region of the proposed salt bridge. Relevant amino acid residues and bond distances are

indicated.

cel
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(Figure 6.2) demonstrated a very similar conformation compared to that of
glucagon except for an a-helical conformation stabilized by a new salt bridge
between the side chain functional groups of Lys!® and Glu?!. The enhanced
binding affinity and adenylate cyclase activity seem to result from the increased

helical content.

b) Conformation of a glucagon antagonist, [desHis!, desPhe¢, Glu®]glucagon
amide

Potent glucagon antagonists [N°-trinitrophenyl-His!, homoArg!?]-
glucagon (Bregman et al., 1980), [desHis!, Glu®]glucagon amide (Unson et al.,
1987), and [desHis!, desPhe®, Glu®]glucagon amide (Azizeh et al., 1995) were
developed by modifications in the N-terminal region of the glucagon sequence,
while the superagonist [Lys!”18, Glu?']glucagon was developed by modifications
in the C-terminal region. While it was demonstrated by X-ray crystallography
that the enhanced biological activity may result from the extended helical
conformation in the C-terminal region of the superagonist, the question why the
modification in the N-terminal region turned glucagon into an antagonist has not
been answered.

In order to get insights into differences in the conformational properties of
agonists and antagonists, molecular modeling was utilized (Azizeh et al., 1997).

The low energy structure of the antagonist [desHis?, desPhe?, Glu®]glucagon
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Figure 6.3 Stereoview of the lowest energy conformation of [desHis!, desPhe®,

Glu®]glucagon amide from simulated annealing.

amide, was obtained after simulated annealing and consequent energy
minimization, and illustrated a rather extended backbone in the N-terminal
region which does not from a stable cluster of hydrophobic side chains that was
demonstrated by the same kind of molecular modeling of glucagon (Figure 6.4).

Although this preliminary molecular modeling study successfully indicated the
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Figure 6.4 Stereoview of the lowest energy conformation of glucagon from

simulated annealing.

conformational difference between glucagon and its antagonist in the N-terminal

region, the calculated conformation of the antagonist is still arguable because

glucagon and its antagonist have too many torsional bonds to be systematically

searched for the globally minimized structure. Besides, it is at present
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impractical to calculate the conformation in the presence of its receptor, which is
the most important conformation of glucagon and its analogues.

Therefore, in an attempt to reveal the conformation of the glucagon
antagonist and understand the conformational difference required for
antagonistic activity, the conformation of the glucagon antagonist [desHis!,
desPheé, Glu®]glucagon amide was studied by two-dimensional NMR
spectroscopy techniques, such as total correlation spectroscopy (TOCSY;
Braunschweiler and Ernst, 1983; Bax and Davis, 1985; Davis and Bax, 1985),
nuclear Overhauser effect spectroscopy (NOESY; Jeener et al., 1979; Macura and
Ernst, 1980), and double quantum-filtered homonuclear correlated spectroscopy
(DQF-COSY; Piantini et al., 1982; Rance et al., 1983). Although the presence of a
micelle does not completely mimic the membrane environment where the
glucagon receptor is found, perdeuterated dodecylphosphocholine was used for
our NMR spectroscopy study of the antagonist as was done in the early NMR

spectroscopy study of glucagon (Braun et al., 1983).

6.2. Results
a) Sample preparation

Since glucagon interacts with the glucagon receptor which is located in the
membrane lipid bilayer, in order to determine the spatial structure of glucagon at

the lipid/ water interface, dodecylphosphocholine (DPC) micelles were used for



140

the experiment. DPC is one of the well-characterized model membrane systems
in current use for the study of peptides and proteins that bind to lipids (Kallick et
al., 1995). It forms a stable micelle which freely rotates in solution (Lauterwein et
al., 1979) making it an excellent tool to mimic the anisotropic environment of a
lipid membrane. It has electrostatic and hydrophobic components which
approximate a cell membrane, and it is commercially available in perdeuterated
form although at high cost.

Although the critical micelle concentration for DPC is 1 mM, much higher
concentrations of DPC were used for the experiments reported in the literature
(Kallick et al., 1995; Brown, 1979). Also, the chemical shifts of protons can
change with concentration (Figure 6.5) as demonstrated by the dynorphin A
titration experiment with DPC (Kallick et al., 1995), and it was suggested that a
10:1 ratio of lipid:peptide concentration is the optimal lower limit for peptides
(Kallick et al., 1995). Therefore, in order to avoid possible erroneous conclusions
in the structure determination, 283 mM of DPC was used for this study; the
chemical shifts in Figure 6.5 are invariant with DPC concentration at greater than
200 mM. In addition, DPC relieved the solubility problem of the glucagon
antagonist [desHis!, desPhe$, Glu®]jglucagon amide used in this investigation
since glucagon analogues have very poor solubility at the relative neutral pH (~
7). Therefore, 25 mg of glucagon antagonist (7 mM) was dissolved in 0.6 ml of 50

mM sodium phosphate buffer (pH 6.00) containing 283 mM dodecylphospho-
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Figure 6.5 Result of the dynorphin A titration with DPC (Kallick et al., 1995).
The titration was performed on a Bruker AMX-500 spectrometer at pH 3.4, 37 °C,
10 mM phosphate buffer with 90% H20/10% D20 referencing all chemical shifts

to the TSP standard.

choline-dss and 1 mM sodium azide (90% H20/10% D20).

b) NMR spectroscopy

All NMR spectra were acquired on a Bruker AMX-500 spectrometer
operating at a 'H frequency of 500.13 MHz, using a proton-only water
suppression 5mm probe with temperature regulation at 37°C. All 2D spectra

were acquired in TPPI (Marion and Wiithrich, 1983) mode with 4096 complex
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data points in t2 and 750 real data points in t, using 64 repetitions for each t
value. A spectral width of 12,500 Hz was used in F2 to minimize baseline
distortions, and the spectrum was clipped to a spectral width of 6,250 Hz. In the
F1 dimension the spectral width was 6,250 Hz. The H2O signal was suppressed
with 1.5 seconds of presaturation. Data was processed using Felix 950
(Molecular Simulations, Inc., San Diego, CA). FID data was zero-filled to a 4096
(F2) x 1024 (F1) real matrix and referenced to the residual water signal at 4.631
ppm. For the DQF-COSY spectrum, an unshifted sine-bell window was used in
both dimensions. The NOESY spectrum used presaturation during the mixing
period of 150 ms and incorporated a 280 us Hahn-echo just before acquisition. A
90°-shifted sine-bell window was used in both dimensions. The TOCSY
spectrum used a clean DIPSI-2rc mixing sequence (Cavanagh and Rance, 1992)
with a mixing time of 70 ms at an average power level of 7.4 kHz. A skewed,

450-shifted sine-bell window was used in both dimensions.

c) Sequential assignment of proton resonances

The 'H NMR spectra of the glucagon antagonist in a solution containing
perdeuterated dodecylphosphocholine micelles were assigned from 2D NMR
spectra in H20/D20 (90:10) using standard methods (Wiithrich, 1986). TOCSY
(through bond), DQF-COSY (through bond), and NOESY (through space) NMR

spectra were used to identify spin systems of the different amino acid residues in
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Figure 6.6 Fingerprint region showing N*H-C*H 'H NMR cross peaks of the 2D

TOCSY spectrum of [desHis!, desPhes,

Glu’lglucagon amide in a

dodecylphosphocholine micelle solution, pH 6.0 and 37 °C.
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the peptide. Portions of the TOCSY and DQF-COSY spectra in the important
“fingerprint” region are shown in Figures 6.6 and 6.7 with assignments. Some of
the residues in the sequence of the glucagon antagonist, such as glvcine,
threonine, and alanine, were easily identified due to their unique spin systems
from 2D TOCSY. The typical chemical shift patterns of amino acids in proteins
are shown in Figure 6.8. After the various spin systems were identified, the
sequential connectivities across peptide bonds were assigned from 2D NOESY
spectra using standard assignment methods (Wiithrich, 1986). The sequential
assignments in the fingerprint region are diagrammed in Figure 6.9. Numerous
cross peaks are heavily overlapped as expected from the long sequence of the
peptide. When ambiguities occurred due to overlap in the spectrum, other
regions of the NOESY spectrum were used to resolve those ambiguities. The
N®Hi«1-N“Hi cross peaks were particularly helpful in confirming the sequential

assignments (Figure 6.10). The proton assignments are listed in Table 6.1.

d) Secondary structures

The observed NOEs of the glucagon antagonist are large, indicating that
the peptide is not in a random coil conformation in the micelle solution. In
comparing the observed chemical shifts of the peptide with those predicted for a
random coil (Wiithrich, 1986), it was observed that the amide and o protons are

shifted significantly upfield as shown in Figure 6.11A,B. Furthermore, the



Ala
Cys
Asp
Glu
Phe
Gly
His
lle
Lys
Leu
Met
Asn
Pro
Gin
Arg
Ser
Thr
Val

Trp

Tyr |

v

ML St J A an SEn e DU SN ae e ) § Y v
a _—ﬂ_‘
—_—— —y=B—

— et —P= = sl
—_—— —€— "'_E;—?_Y—-
——— -:ﬂf;,— —F—
—_—C —y—Br_
—a— —f—
——=_5_ . ~=fy=
—_—a— —§— —Ey—
—_—a———f—
— S —y—
—_—— —p— —Y—
—— —_——
——— —p—
N S S SR

5.0 4.0 3.0 2.0 1.0

'H (ppm)

146

Figure 6.8 Typical chemical shift patterns for amino acids in protein (Kraulis,

1994).
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Table 6.1 Chemical shifts of the assigned 'H-NMR lines of the glucagon:

antagonist [desHis!, desPhe®, Glu®]glucagon amide bound to perdeuterated

dodecylphosphocholine micelles at pH 6.0 and 37 °C.

Amino acid Chemical shift2 (ppm)
residue NH CH C*H Others
Ser? 8.81 4.14 4.06
Gln? 8.83 4.47 n.o.b CH:2n.o.b
Gly# 8.51 4.09
Thr? 8.16 4.40 4.28 CH51.25
Thr? 8.28 431 4.26 CH531.25
Ser® 8.30 4.48 3.87,3.97
Glu? 8.64 4.22 1.97 CH22.29
Tyr10 7.97 4.58 298,3.21 Ring 6.83, 7.09
Serl! 7.96 4.09 3.94,3.99
Lys12 7.80 4.09 1.62,1.72 CH2099,1.11
C*H21.55
CH:2.84
Tyr?3 7.54 4.43 2.96, 3.18 Ring 6.86, 7.20
Leul4 7.68 4.27 1.69,1.81 CH1.93
C°Hs 0.92, 0.99
Asp?> 7.68 482 2.84,2.97
Ser!é 7.84 4.43 4.08,4.25

2 The chemical shifts were referenced to internal H2O resonance at pH 6.0 and 37

oC.

b not observed.
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Amino acid Chemical shifta (ppm)
residue NH CH C*H Others
Argl7 8.75 412 1.96 CH21.75
CH,3.28
Argl$ 8.36 418 1.95 C'H21.83
C'H,3.21,3.27
Alat® 7.89 417 1.62
GIn2 8.25 4.03 247,256 CH22.25
Asp? 8.61 451 2.86,3.12
Phez 8.20 4.49 3.40 Ring 7.23
Val? 8.34 351 228 C'H; 1.05,1.25
Gln2* 8.26 402 247,257 CH»2.25
Trp® 7.98 429 335,363  Ring
6.89, 7.29, 7.36
Leu2 8.30 334 146,161 CHO077
C°Hs 0.77
Met2 8.06 418 211 C'H, 2.55, 2.75
C'Hs 2.11
Asn 7.70 4.00 274,288
Thr® 7.72 3.99 3.86 C'Hs 0.99
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chemical shift differences between the o protons of the glucagon antagonist and
those expected for a random coil (Figure 6.11B) indicate the presence of two a-
helical segments (Wishart et al., 1992). On the basis of the a proton chemical
shifts, the two helical segments extend from residue 11 through 14 and from 17
through 29. This is similar to that reported for glucagon by Wiithrich and co-
workers, where they observed two helical regions (10-14 and 17-29; Wiithrich et
al., 1983)

That there are a-helical segments is further supported by the pattern of
cross peaks observed in the NOESY spectrum. The presence of N°H;.>-C*H;,
N*H;+3-C*H;, N°H;.4-C*Hi, and C*H;-CPH;+3 cross peaks (Figures 6.12 and 6.13) is
strongly indicative of extensive a-helical structure (Wiithrich, 1986). These cross
peaks are not observed in B-sheets. As shown in Figure 6.14, a number of these
cross peaks were observed. These cross peaks confirm a high degree of a-helical
structure from residues 17 through 29. The cross peaks observed in the NOESY
spectrum are summarized in Figures 6.15 - 6.19 and Table 6.2.

Vicinal spin-spin coupling constants between N°H and C°H, 3Jun,, are also
used for studies of molecular conformations; this relies on a general relation
between the size of the spin-spin coupling constant and the intervening torsion
angle 8 (Karplus, 1959). The dependence of 3Jun, on the torsion angle ¢ in
polypeptides was surveyed by Pardi and co-workers and shown in Figure 6.20

(Pardi et al., 1984). However, intramolecular motions give rise to values of 3Jun,
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Figure 6.11 Difference between the 'H NMR chemical shift of [desHis !, desPhes,
Glu®]glucagon amide in deuterated dodecylphosphocholine micelle solution at
37 oC and the chemical shifts predicted for a random coil conformation plotted
against sequence. Positive differences indicate an upfield shift from the chemical

shifts predicted for a random coil conformation (Wiithrich, 1986).
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Table 6.2 NOE cross peaks of the glucagon antagonist [desHis!, desPhe¢,
Glu®]glucagon amide bound to perdeuterated dodecylphosphocholine micelles

at pH 6.0 and 37 °C from 2D NOESY spectrum.

Residue Sequential Intra-residue Long range

Ser? hn-ha (w)

hn-hb* (w)

Gln*  hn-ha[4] (w) hn-ha (w) hn-hb*[9] (w)

Gly? hn-hn[5] (w) hn-ha* (s) hn-hn[8] (w)
hn-ha{3] (w)

Thr>  hn-hn[4] (w) hn-ha (m) hn-hn{10] (w)
hn-hn[7] (s) hn-hb (m) hn-ha[9] (w)
hn-ha[4] (s) hn-mg (w) hn-hb*[9] (w)

ha-hb (s)
ha-mg (m)

Thr”  hn-hn[5] (m) hn-ha (s)
hn-ha[5] (s) hn-hb (s)
ha-hb2[8] (w) hn-mg (s)

Ser!  hn-hn[9] (m) hn-ha (s) hn-ar1[10] (w)
hn-ha[7] (s) hn-hbl (m)

hn-hb2 (m)
ha-hbl (s)

ha-hb2 (s)
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Table 6.2 (Continued)
Residue Sequential Intra-residue Long range

Glu®  hn-hn[8] (w) hn-ha (m) hn-ha[5] (w)
hn-hn[10] (m) hn-hb* (s) hn-ha[7] (w)
hn-ha(8] (s) hn-hg* (m) hb*-md2[14] (w)
hn-hb1(8] (w) ha-hb* (s)
hn-hb2[8] (w) ha-hg* (s)
hn-hb1[10] (w) hg*-hb* (s)
hn-hb2[10] (w)
hn-ar1[10] (w)

Tyr®®  hn-hn[9] (s) hn-ha (w) arl-hn[8] (w)
hn-ha[9] (m) hn-hbl1 (s) ar1l-hn[13] (w)
hn-hb*[9] (s) hn-hb2 (s) arl-ha[5] (w)
ar1l-hn[9] (w) hn-arl (s) arl-ha(7] (w)
arl-ha[9] (w) arl-hn (s) arl-ha[8] (w)
arl-hb*[9] (w) arl-ha (w) arl-hb[3] (w)
arl-hg*[9] (w) arl-hbl (s) arl-hb2[8] (w)
arl-hb*[11] (w) arl-hb2 (s) arl-hb1[14] (w)
ar2-hn[9] (w) ar2-hn (w) arl-hb2[14] (w)
ar2-hb*[9] (w) ar2-hbl (w) arl-hb2[15] (w)
ar2-hg*[9] (w) ar2-hb2 (w) arl-md1[14] (w)

ar2-hb*[11] (w)

arl-md2[14] (w)
ar2-hn[7] (w)

ar2-md1[14] (w)
ar2-md2[14] (w)
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Residue Sequential Intra-residue Long range
Serl!  hn-hn[12] (s) hn-ha (s) hn-hn[13] (w)
hn-hb1[12] (w) hn-hbl (s) hn-hb2[8] (w)
hn-hg1[12] (w) hn-hb2 (s) hn-hb1[13] (w)
hn-hg2[12] (w) ha-hbl (s) hn-hb2[13] (w)
ha-hb2 (s) hn-hb1{14] (w)
hn-md2[14] (w)
ha-hb1[13] (w)
ha-hbl[15] (w)
Lys’2  hn-hn[11] (s) hn-ha (s) hn-hn([8] (w)
hn-hn[13] (s) hn-hb1 (s) hn-ha[9] (w)
hn-hb1[11] (w) hn-hb2 (s) hn-ha[10] (w)
hn-hb2[11] (w) hn-hgl (m) hn-ha[16] (w)
hn-hg2 (m) hn-hb2([8] (w)
hn-hd* (w) hn-hb*[9] (w)
ha-hbl (s) hn-hb1[14] (w)
ha-hb2 (s) hn-hb2[15] (w)
ha-hgl (s) hn-md2[14] (w)
ha-hg? (s) hn-ar1[10] (w)
ha-hd* (m) hn-ar[22] (w)
hbl-hgl (m) ha-hb1[14] (s)
hb2-hgl (s) ha-md2{14] (m)
hb1-hd*(s) he*-hb1[14] (w)
hgl-hg?2 (s) he*-hb*[18] (w)
hd*-ha (w)

hd*-hb2 (s)
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Table 6.2 (Continued)
Residue Sequential Intra-residue Long range

Lys!? hd*-hgl (s)

hd*-hg2 (s)
he*-hbl (w)
he*-hgl (m)
he*-hg2 (m)
he*-hd* (s)

Tyr*>  hn-hn[12] (s) hn-ha (m) hn-hn[11] (w)
hn-hn[14] (s) hn-hbl (s) hn-hb1[11] (w)
hn-ha[12] (m) hn-hb2 (s) hn-hb2[11] (w)
hn-ha[14] (w) ha-hb1 (s) ha-hb2{15] (w)
hn-hb1[12] (m) ha-hb2 (m) ha-hg*[18] (m)
hn-hb2[12] (m) hb1-hb2 (s) hb1-hb*[18] (s)
hn-hb1{14] (w) arl-hn (w) hbl-hg*[18] (s)
hn-hg1[12] (w) arl-ha (s) arl-ha[9] (w)
hn-hg2[12] (w) arl-hbl (s) arl-ha[10] (w)
hn-hd*[12] (w) arl-hb2 (s) arl-hb*[17] (w)
hn-md2[14] (w) ar2-hn (w) arl-hg*[9] (w)
ha-hb1{12] (m) ar2-ha (w) arl-hd*[12] (w)
ha-hb2[12] (s) ar2-hbl (w) ar2-ha[7] (w)
ha-hg1[12] (w) ar2-hb2 (w) ar2-ha[10] (w)

ha-hg2[12] (w)
hb1-ha[12] (w)
hbl-hg2{12] (w)
hb1l-md2[14] (w)
arl-ha[14] (w)
arl-hb1[12] (w)

ar2-hb*[9] (w)
ar2-hb2[15] (w)
ar2-hg*[9] (w)
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Residue

Sequential Intra-residue

Long range

Tyr3

arl-hb2[12] (w)
arl-hbl[14] (w)
ar1-hb2[15] (w)
arl-hgl[12] (w)
arl-hd*[12] (w)
arl-md2[14] (w)
ar2-hb1[12] (w)
ar2-hb2[12] (w)
ar2-hg1[12] (w)
ar2-hd*[12] (w)
ar2-md2[14] (w)

Leul4

hn-hn{13] (s) hn-ha (s)

hn-hb1[13] (s) hn-hb1 (s)

ha-hb2[13] (w) hn-hb2 (s)
hn-hg* (m)
hn-md1 (m)
hn-md2 (m)
ha-hbl (s)
ha-hb2 (s)
ha-md1 (m)
ha-md2 (s)
hbl-md1 (s)
hb1l-md2 (s)
hb2-md1 (s)
hb2-md2 (s)

hn-ha[12] (s)
hn-mb[19] (m)
hn-ar1[10] (m)
ha-mb[19] (s)
hb1-ha[12] (w)




Table 6.2 (Continued)
Residue Sequential Intra-residue Long range
Asp'>  hn-hn[16] (s) hn-ha (s) hn-hn[9] (w)
hn-haf14] (s) hn-hb1 (s) hn-hn[17] (w)
hb1-hb1[14] (m) hn-hb2 (s) hn-hn[18] (m)
hbl-md2[14] (w) ha-hb1 (s) hn-ha[18] (w)
ha-hb2 (s) hn-hd*[17] (m)
hb1-hb2 (s) hb1-hb1[12] (w)
hbl-hg2[12] (w)
Ser'¢  hn-hn[15] (s) hn-ha (s) hn-hn[18] (w)
hn-hn[17] (w) hn-hbl (m) hn-hn[20] (w)
hn-ha[15] (s) hn-hb2 (s) hn-hb*[18] (w)
hn-hb1[15] (w) ha-hbl (s) hn-mb[19] (m)
hn-hb2[15] (m) ha-hb2 (s) hn-hb1[20] (w)
hn-md1[14] (w)
hn-md2[14] (w)
Arg?  hn-hn[16] (w) hn-ha (s) hn-hn[15] (w)
hn-ha[16] (s) hn-hb* (s) hn-hn[19] (w)
hn-hn{18] (m) hn-hg* (m) hn-hn[20] (w)
hn-ha[18] (w) hn-hd* (w) hn-hn[21] (w)
hn-hb1[16] (w) ha-hb* (s) hn-hbl1[15] (w)
hn-hg*[18] (w) ha-hg* (s) hn-hb2[15] (w)
ha-hd* (m) hn-mb[29] (w)
hb*-hg* (s) hn-hg*[20}] (w)
hd*-hb* (s)

hd*-hg* (s)
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Table 6.2 (Continued)
Residue Sequential Intra-residue Long range
Arg!®  hn-hn[17] (s) hn-ha (s) hn-hn[15] (w)
hn-hn[19] (s) hn-hb* (s) hn-ha[16] (w)
hn-haf17] (m) hn-hg* (s) hn-hb1[10] (w)
hn-hd*[17] (w) hn-hd* (s) hn-hb1[15] (w) .
ha-hb* (s) hn-hb2[15] (w)
ha-hg* (s) hn-hb1[16] (w)
ha-hd1 (m) hn-hb1[21] (w)
ha-hd2 (m) ha-hb1[21] (s)
hd1-hg* (s) ha-hb2[21] (m)
Ala’®  hn-hn[18] (s) hn-ha (s) hn-hn[17] (w)
hn-hn{20] (s) hn-mb (w) hn-hn[21] (w)
hn-hb*[18] (s) ha-mb (s) hn-ha[16] (w)
hn-hb1{20] (w) hn-hb1[10] (w)
hn-hg*[18] (s) hn-hb1[12] (m)
hn-hb1[16] (w)
hn-hb2[16] (w)
hn-hb*[22] (w)
hn-hd*[17] (w)
hn-mg1[23] (w)
hn-md2[14] (w)
ha-hb*[22] (s)
GIn?®  hn-hn[19] (s) hn-ha (s) hn-hn[17] (w)
hn-hn[21] (s) hn-hb1 (s) hn-ha[17] (s)
hn-ha[19] (m) hn-hb2 (s) hn-hb*[22] (w)
hn-hb1[21]} (w) hn-hg* (s) hn-hg*[18] (w)

hn-hb2[21] (w)
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Table 6.2 (Continued)
Residue Sequential Intra-residue Long range
Asp?!  hn-hn[20] (s) hn-ha (s) hn-hn[17] (w)
hn-hn[22] (s) hn-hb1 (s) hn-hn[19] (w)
hn-ha[20] (m) hn-hb2 (s) hn-hn[23] (w)
hn-hb*[22] (w) ha-hbl (s) hn-hn[25] (w)
hn-ar[22] (w) ha-hb2 (s) hn-ha[16] (w)
hbl-hb2 (s) hn-ha[17] (m)
hn-ha[18] (m)
hn-hb*[17] (w)
hn-hb*[27] (w)
hn-hg*[17] (w)
hn-hg*{18] (w)
hn-mg1[23] (w)
hn-hd*[17] (w)
Phe2  hn-hn[21] (s) hn-ha (s) hn-hn[19] (w)
hn-hn[23] (s) hn-hb* (s) hn-hn([25] (w)
hn-ha[23] (w) hn-ar (m) hn-hn[27] (w)
hn-hb1[21] (s) ha-hb* (s) hn-ha[19] (s)
hn-hb2[21] (m) ar-ha (s) hn-ha[20] (w)
hn-mg1[23] (w) ar-hb* (s) hn-hb1[25] (w)

hn-mg2[23] (w)
hb*-mg1[23] (m)
hb*-mg?2[23] (w)
ar-ha(23] (m)
ar-hb[23] (w)
ar-mg1[23] (s)

hn-hb2[26] (w)
hn-hb*[27] (w)
hn-hg*[18] (w)
hn-hd*[17] (w)
ha-hb1[25] (s)
hb*-hb1[26] (m)
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Residue

Sequential

Intra-residue

Long range

Phe®

ar-mg2[23] (w)

ar-ha[19] (w)
ar-ha{24] (w)
ar-ha[25] (w)
ar-hb1[25] (w)
ar-hb2[16] (w)
ar-hb1[26] (m)
ar-hb2[26] (w)
ar-hg*[24] (w)
ar-hg/md*[26] (s)
ar-hd*[17] (w)

Val3

hn-hn[22] (s)
hn-hn[24] (s)
hn-haf22] (w)
hn-hb*[22] (s)
hn-ar[22] (m)

hn-ha (s)
hn-hb (s)
hn-mg1 (s)
hn-mg2 (m)
ha-hb (s)
ha-mgl (s)
ha-mg2 (s)
hb-mgl (s)
hb-mg2 (s)
mgl-mg?2 (s)

hn-hn[21] (w)
hn-hn[25] (w)
hn-hn[27] (w)
hn-ha[20] (s)
hn-hb1{25] (w)
hn-hg/md*[26] (w)
hn-md2{14] (w)
ha-hb1{[26] (s)
ha-hb2[26] (s)
ha-hb*[27] (w)
ha-hg/md*[26] (s)
hb-hg/md*[26] (w)
mgl-hg/md*[26] (s)
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Table 6.2 (Continued)
Residue Sequential Intra-residue Long range

GIn#  hn-hn[23] (s) hn-ha (s) hn-hn[27] (w)
hn-hn[25] (s) hn-hb1 (s) hn-ha[21] (m)
hn-ha[23] (m) hn-hb2 (s) hn-hb2[26] (w)
hn-hb1[25] (w) hn-hg* (s) hn-hb*[27] (w)
hn-mg1{23] (s) hn-hg/md*[26] (w)
hn-mg2[23] (m)

Trp?®  hn-hn[24] (s) hn-ha (s) hn-ha[22] (m)
hn-hn[26] (s) hn-hb1 (s) hn-ha[23] (w)
hn-ha[24] (m) hn-hb2 (s) hn-hb[23] (w)
hn-hb1{26] (m) hn-ar2 (w) hn-hb*[27] (w)
hn-hb2[26] (w) hn-ar3 (w) hn-mg1[23] (w)
hn-hg/md*[26] (w) ha-hb1 (s) hn-mg2[23] (w)
ha-hg/md*[26] (w) ha-hb2 (s) hn-ar[22] (w)
hbl-hb1[26] (w) hb1-hb2 (s) ha-hb2[21] (w)
hbl-hg/md*[26] (w) arl-hn (w) ha-hb*[27] (w)
ar1-hn[26] (w) arl-ha (s) ha-hg1[27] (m)
arl-hg*[24] (w) arl-hb1l (m) ha-hd1[18] (w)
arl-hg/md*[26] (w) ar1l-hb2 (s) ha-hd2[18] (w)
ar2-hn[26] (s) ar2-hn (w) ar1-hn[27] (w)
ar2-hb1[26] (s) ar2-ha (w) ar1-haf22] (w)
ar2-hb2[26] (w) ar2-hbl (s) arl-haf23] (w)
ar2-hg/md*[26] (s) ar2-hb2 (s) ar1-hb1[28] (w)
ar3-hn[26] (w) ar3-hbl (w) arl-mg[29] (w)
ar3-hb1[26] (w) ar3-hb2 (m) ar2-hn[27] (w)

ar3-hb2[26] (w)
ar3-hg/md*[26] (s)

ar2-ha[22] (w)
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Residue Sequential Intra-residue Long range
Trp® ar2-ha[23] (w)
ar2-mg1[23] (w)
ar2-mg[29] (w)
ar3-hn[27] (w)
ar3-mg[29] (w)
Leu  hn-hn[25] (s) hn-ha (s) hn-hn[28] (w)
hn-hn{27] (s) hn-hb1 (s) hn-ha[23] (m)
hn-ha[27] (w) hn-hb2 (s) hn-hb2[21] (w)
hn-hb1[25] (s) hn-hg/md* (m) hn-hb2[24] (w)
hn-hb*[27] (w) ha-hbl (s) hn-mg1[23] (s)
hn-ar2{25] (m) ha-hb2 (s) hn-mg2[23] (w)

hn-ar3[25] (w)
ha-hb*[27] (w)

ha-hg/md* (s)
hbl-hg/md* (s)
hb2-hg/md* (s)

hn-ar[22] (w)
ha-mg[29] (w)
hb2-mg?2[23] (w)

Met?”

hn-hn[26] (s)
hn-hn[28] (s)
hn-ha[26] (s)
hn-hb1[26] (s)
hn-hb2[26] (s)
hn-hb1[28] (w)

hn-hg/md*[26] (w)

ha-hb2[26] (w)

ha-hg/md*[26] (w)

hb*-hb2[26] (w)

hb*-hg/md*[26] (w)

hg1-hb2[26] (w)

hn-ha (s)
hn-hb* (s)
hn-hgl (s)
hn-hg2 (s)
ha-hb* (s)
ha-hgl (m)
ha-hg2 (s)
hgl-hb* (s)
hgl-hg2 (s)
hg2-hb* (s)

hn-ha[23] (w)
hn-ha[24] (m)
hn-ha[25] (w)
hn-hb2[24] (w)
hn-hb1[25] (w)
hn-mg1{23] (w)
hn-mg2[23] (w)
hn-mg[29] (w)
hn-ar1[25] (w)
hn-ar2[25] (w)
ha-mg1[23] (w)
hb*-mg2[23] (w)
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Residue Sequential Intra-residue Long range
Met¥  hg2-hb1[26] (w) hb*-mg[29] (w)
hg2-hb2[26] (w) hgl-mg1(23] (m)
hg2-hg/md*[26] (w) hg2-mg2[23] (m)
Asn?  hn-hn[27] (s) hn-ha (s) hn-hn[26] (w) -
hn-ha(27] (m) hn-hbl (s) hn-ha[26] (m)
hn-hb*[27] (s) hn-hb2 (s) hn-hb2[24] (w)
hn-hb[29] (m) hb1-hb2 (s) hn-hb2[26] (w)
hn-hg2(27] (w) hn-hg*{24] (w)
hn-hg/md*[26] (w)
hn-mg[29] (m)
hbl-hg/md*[26] (w)
Thr® hn-ha (m) hn-hg/md*[26] (w)
hn-hb (m) hb-hg/md*[26] (w)
hn-mg (m)
ha-hb (s)
ha-mg (s)

hb-mg (s)
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Figure 6.20 Plot of 3Jun, versus the torsion angle 8 = | - 60°| (Wiithrich, 1986).
The curve corresponds to the best fit obtained with the Karplus equation

(Karplus, 1959; Pardi et al., 1984). 3Jun, = 6.4 cos?0 - 1.4 cos® + 1.9

that are averaged over distributions of dihedral angles, and motional averaging
often means that useful restraints sometimes cannot be derived from accurately
measured coupling constants. Thus, vicinal coupling constants 3Jun, close to 7.0
Hz imply this motional averaging and cannot be used for the restriction for the
geometry calculation. As shown in Table 6.3, some of the residues showed the
averaged vicinal coupling constants, but numerous residues between residues 5-
12 and 18-27 demonstrated vicinal coupling constants corresponding to an a-

helical conformation. These small vicinal coupling constants in the C-terminal
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Table 6.3 Coupling constants between N*H and C®H, 3Jun,, obtained from the
DQEF-COSY spectrum of [desHis!, desPhe$, Glu®]glucagon amide in a deuterated

dodecylphosphocholine micelle solution at 37 °C.

Amino Acid 3Jun, (Hz) Amino Acid 3un,g (Hz)
Ser? - Argl” 6.6
Gln3 6.5 Arg® 4.6
Gly+ - Ala?? 6.6
Thr? 6.0 GIn20 3.8
Thr? 6.6 Asp?! 71
Ser$ 59 Phe% 55
Glu? 54 Val® 6.2
Tyr©0 73 GIn2 4.6
Ser!! 4.2 Trp® 6.5
Lys12 4.8 Leu?¢ 5.8
Tyrt3 6.9 MetZ 6.1
Leul# 7.0 Asn? 7.3
Asp13 7.1 Thr® 7.3
Ser1é 8.8

region of the glucagon antagonist are consistent with the observed medium
range NOE’s from 2D NOESY spectra, indicating that there are helical

contributions in the C-terminal region of the glucagon antagonist.

e) Computational procedures
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Using the intra- and inter-residue NOE’s obtained from 2D NOESY
spectra and vicinal coupling constants 3Jun, obtained from DQF-COSY spectra,
the molecular modeling program MacroModel (Mohamadi et al., 1990) was
utilized for the geometry calculations. Intra- and inter-residue NOE’s were
grouped into three different categories, strong (s), medium (m), and weak (w),
based on the volumes of the NOE cross peaks (Table 6.2), and distance restraints
were applied as < 3.0 A for strong NOE's, < 4.0 A for medium NOE'’s, and < 5.0
A for weak NOE's for restrained energy minimization and restrained molecular
dynamics. In addition, torsional angle constraints were applied based on vicinal
coupling constants 3Jun, (-40° < @ < -80° for 3Jun, < 6.0 Hz and -120° < ¢ < -160°
for 3Jun, > 8.0 Hz).

In the beginning, the structure of [desHis!, desPhe¢, Glu®]glucagon amide
was sketched and energy minimized using 332 distance restraints and 16 torsion
angle restraints from NOESY and DQF-COSY spectra. The restrained energy
minimization was performed with an AMBER force field with conjugated
gradient (Weiner et al., 1986), and the generalized Born/surface area model was
used for the calculation of hydration energies (Still et al., 1990) which were
implemented into the MacroModel program (version 6.0; Mohamadi et al., 1990).
The resulting minimized structure was used for the initial conformation for the
restrained molecular dynamics (simulated annealing) procedure (Nilges et al.,

1988). As with the energy minimization, the AMBER force field and the water
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solvation model implemented into the MacroModel program were used for the
restrained molecular dynamics. The same NOESY distance constraints and
torsion angle constraints were included as an additional flatwell pseudoenergy
penalty term in the force field (Briinger et al., 1986; Clore et al., 1986). The initial
conformations were equilibrated in a 300 K thermal bath, then the restrained
molecular dynamics (simulated annealing) was performed by a slow decrease of
temperature from 500 K to about 0 K during 50 ps. Conformations were saved
after each 5 ps of the restrained simulated annealing procedure, and the final
conformation was energy minimized again with the same distance and torsion
angle restraints. The restrained simulated annealing was repeated until the final
conformations converged. The final conformation was energy minimized with
the same distance and torsion angle restraints using the AMBER force field and

the water solvation model.

6.3. Discussion

The antagonist used in this investigation, [desHis!, desPhe®,
Glu®]glucagon amide, is a very potent glucagon antagonist without any agonistic
activity even in very high concentrations. It differs from native glucagon in
having deletions (His! and Phef) and substitution (Glu? for Asp®) at the N-
terminal region. Since the rest of the residues in the sequence are the same as in

native glucagon, it would be anticipated that the structure of this antagonist
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Figure 6.21 1D 'H NMR spectrum of [desHis!, desPhe¢, Glu?]glucagon amide in

deuterated dodecylphosphocholine micelle solution at 37 °C.

should be similar to glucagon except for the regions where the modifications
were introduced.

NMR spectroscopy has the advantage over other biophysical methods
(such as CD spectroscopy) for determining peptide conformation in that it gives
information not only about the overall conformation of a peptide but also about

local conformational structures and dynamics. Although it may be almost
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meaningless to interpret the one-dimensional proton spectrum of the peptide
due to its complexity which resulted from more than 200 protons in the molecule
(Figure 6.21), the sharp, narrow peaks show that dodecylphosphocholine
micelles indeed assisted the solubilization of the peptide at the mild pH of 6.0.
Without DPC present, the highly concentrated peptide solution (7 mM) at pH 6.0
resulted in a very viscous solution due to the aggregation between the molecules
and this phenomenon would be detrimental to the NMR experiments. Also, it is
noteworthy that the solvent (water) resonance was successfully suppressed
selectively by low power irradiation.

By means of 2D NOESY experiments on the glucagon antagonist bound to
a micelle, segments of helical structure can readily be distinguished. As shown
in Figures 6.11 and 6.14, the NMR data of the antagonist bound to a
dodecylphosphocholine micelle are consistent with a structure made up of four
regions. The first region extends from Ser? through Tyr!?® and shows the
characteristics of a random coil conformation with a possible turn conformation
between Thr? and Tyr!°. The second region extends from Ser!! through Leu!+ and
seems to be helical (possibly 310-helix). Region 3 is a short segment consisting of
residues 15-17 and appears to be a loose turn structure. The fourth region is an
o-helical segment extending from residues 18 through 29.

These results are very similar to those reported by Wiithrich and co-

workers for glucagon(Braun et al., 1983). They have shown that glucagon bound
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to a dodecylphosphocholine micelle is random coil from residues 1 to 10, a-
helical from residues 10 to 14, an extended chain from residues 14 to 17, and a-
helical from residues 17 to 29 (Figure 6.22). Although there may be some degree
of difference between the conformations of glucagon and the antagonist, the
secondary chemical shift patterns are also very similar, in particular for the C-
terminal region where the sequence is not modified.

As expected from the medium-range NOE pattern, the restrained
molecular dynamics of [desHis!, desPhef, Glu®]glucagon amide using 332
distance restraints and 16 torsion angle restraints displayed a well-organized a-
helical conformation in the C-terminal region (Figures 6.23 and 6.24). This
amphiphilic C-terminal a-helical structure is comprised of residues 17-29, and
the hydrophobic patch was organized with the side chains of PheZ, Val2, Leu?,
Trp®, and Met?. On the opposite side of the hydrophobic patch, the side chain
guanidinium group of Arg!’ made a salt bridge with the side chain carboxylate
group of Asp2?!. The second hydrophobic patch, which is constructed with
Tyr1913 and Leu'4, is connected by a turn of the short segment containing
residues 14-16. The segment containing the second hydrophobic patch (residues
10-13) seems to be a helix-like turn structure, and the second hydrophobic patch
is located on the same side of the molecule as the first hydrophobic patch which
is located at the C-terminal region, presumably resulted from interactions with

the lipophilic micelle surface. Another salt bridge between the side chain
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Figure 6.22 Stereoview of the structure of micelle-bound glucagon determined by
NMR experiments (Braun et al., 1983). The drawings of the backbone (BB) and of
the restrained side-chain presentation (SR) are shown. The drawings (b) show

the same structure as (a) after a 90° rotation.
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Figure 6.23 Stereoview of superimposed final NOESY distance-restrained
molecular dynamics structure of [desHis!, desPhe¢, Glu®]glucagon amide in a

deuterated dodecylphosphocholine micelle solution at 37 °C.



181

(A)

~ N
®»
Tyr10
[ T 4
- ‘ Glu® ‘,‘
» — 4 o
' y “ Tyr13 ' J “‘
l’ A'
4, 9.
.' Amg17 .’ Arg18
/4"' < P
Giu21
< \‘ Tep25 ‘ =
FL K o=
CAS/ CAAN

Figure 6.24 Stereoview of the lowest energy conformation of [desHis!, desPhes$,
Glu®] glucagon amide in a deuterated dodecylphosphocholine micelle solution at
37 °C from the restrained molecular dynamics. The drawings (b) show the same

structure as (a) after a 180° rotation.
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ammonium group of Lys!? and the side chain carboxylate group of Asp!5 was
observed on the opposite side of the second hydrophobic patch, and this salt
bridge seems to reinforce the helix- like turn. The final segment of residues 2-9
appears to have flexible and an extended conformation which was displayed by
Gly* and Thr®. This flexibility of the N-terminal region was also demonstrated
by the small number of NOE cross peaks observed in the NOESY spectrum. The
results are summarized in Tables 6.4 and 6.5.

Although the N-terminal segment seems to be flexible, one distinct
difference in the conformation of the antagonist observed is the observed
proximity of Ser? and Glu®. This proximity was presumably achieved by a
potential salt bridge between the N-terminal ammonium group of Ser? and side
chain carboxylate group of Glu®, and is not present in the conformation of native
glucagon determined by X-ray crystallography (Sasaki et al., 1975) or 2D NMR
spectroscopy (Braun et al., 1983). Since the glucagon antagonist does not contain
Phe¢, which may reinforce the second hydrophobic patch located in the middle
region, the lack of Phe® appears to increase the flexibility of the N-terminal
region and the salt bridge between Ser? and Glu? seems to benefit from the
acquired additional flexibility. Also, the substitution of Glu for Asp at position 9
may extend the side chain carboxylate group further from the backbone and
fortify the salt bridge. This salt bridge between Ser? and Glu?, observed can be

further confirmed by studying the backbone-to-side chain cyclized glucagon
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Table 6.4 Torsional angles of [desHis!, desPhe, Glu®]glucagon amide obtained

from restrained molecular dynamics and the subsequent restrained energy

minimization.
No. @ v X No. ¢ 14 x1
Ser? - 70.1 442 Argl -103.7 -60.5 -174.6
GIn3 -139.2 -53.4 57.1 Argl8 -63.5 -71.8 178.4
Gly+ -173.2 133.3 - Ala?? -52.9 -14.7 -
Thr? -73.8 20.1 21 GIn2 -75.6 -62.8 -56.5
Thr? -82.6 -103.2 492 Asp?! -76.9 24.7 -164.6
Ser8 -744 51.6 -52.1 Phe2 1734 38.1 -149.0
Glu® -87.3 -65.5 163.8 Val® -81.1 -55.8 -
Tyr10 -60.4 -112.8 411 Gln2 -50.3 44.0 61.9
Serl! -31.3 -32.1 433 Trp® -38.1 -56.0 -73.0
Lys!2 -71.8 18.6 -379 Leu?¢ -81.7 -19.3 138.3
Tyr13 -132.7 29.7 -46.5 Met% -82.5 -7.1 -55.2
Leult -162.2 -13.7 -74.3 Asn?8 213 -39.8 178.0
Aspl> -137.7 -125.9 -165.6 Thr? -55.6 -22.3 453
Ser16 -117.9 62.1 -19.3
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Table 6.5 Comparison of the distance constraints used for molecular dynamics

and the calculated interproton distances (A) in the backbone of [desHis!,

desPhe®, Glu®]glucagon amide.

Residues Distance  Calculated Residues Distance  Calculated
Constraint  Distance Constraint  Distance
hn[4]-hn[5] 5.00 4.05 hn[16]-ha[15] 3.00 3.23
hn[5]-ha[9] 5.00 5.92 hn[16]-hn[17] 5.00 3.39
hn[5]-hn[10] 5.00 6.25 hn[16]-hn[18] 5.00 4.92
hn[7}-ha[5] 3.00 298 hn{16]-hn[20] 5.00 5.07
hn[8]-hn[9] 4.00 3.65 hn[17]-ha[16] 3.00 247
hn[9]-ha[5] 5.00 3.80 hn[17]-ha[18] 5.00 4.12
hn[9]-ha[7] 5.00 4.44 hn[17]-hn[18] 4.00 1.94
hn[9]-hn[10] 4.00 1.99 hn[17]-hn[20] 5.00 4.08
hn[10]-haf9] 3.00 3.30 hn[17]-hn[21] 5.00 498
hn[11]-hn[12] 3.00 3.50 hn[18]-ha[16] 5.00 3.94
hn[11]-hn[13] 5.00 3.92 hn[18]-hn[19] 3.00 3.21
hn[12]-ha[9] 5.00 6.02 hn[19]-ha[16] 5.00 4.18
hn[12]-ha[10] 5.00 3.44 hn[19]-hn[17] 5.00 3.86
hn{12]-hn[13] 3.00 294 hn[19]-hn{20] 3.00 299
hn[13]-ha[12] 4.00 293 hn[19]-hn[21] 5.00 4.73
hn[13]-ha[14] 5.00 4.36 hn[21]-ha[16] 5.00 4.26
hn[13]-hn[14] 3.00 1.82 hn[21]-ha[17] 4.00 4.12
hn[14]-ha[12] 3.00 3.06 hn{21]-ha[20] 4.00 3.62
hn[15]-hn[17] 5.00 3.96 hn[21]-hn[23] 5.00 4.62
hn[15]-ha[18] 4.00 5.49 hn[22]-ha[19] 3.00 4.00
hn[15]-hn[18] 5.00 3.74 hn[22]-ha[20] 5.00 3.86
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Table 6.5 (Continued)
Residues Distance  Calculated Residues Distance  Calculated
Constraint  Distance Constraint  Distance

hn[22]-ha[21] 5.00 4.02 hn[25]-ha[23] 5.00 4.93
hn[22]-hn[25] 5.00 3.36 hn[26]-ha[27] 5.00 4.89
hn[22]-hn[27] 5.00 5.99 hn[26]-hn[27] 3.00 - 226
hn[23]-ha[20] 3.00 4.05 hn[26]-hn[28] 5.00 3.84
hn[23]-ha[22] 5.00 3.21 hn[27]-ha[23] 5.00 4.57
hn[23]-hn[25] 5.00 3.88 hn[27]-ha[24] 4.00 297
hn[23]-hn[27] 5.00 5.53 hn[27]-ha[25] 5.00 3.77
hn[24]-ha[23] 4.00 3.60 hn[27]-ha[26] 3.00 3.47
hn[24]-hn[27] 5.00 4.61 hn[27]-hn[28] 3.00 215
hn[25]-ha[22] 4.00 2.68 hn[28]-ha[26] 4.00 3.80

analogue c[Ser?, Glu?]{desHis!, desPhe?, Glu®]glucagon amide in the future.

6.4. Conclusion

The conformation of the potent glucagon antagonist [desHis!, desPhes,
Glu®]glucagon amide which does not induce any partial agonistic activity even in
very high concentration, was studied using 2D NMR spectroscopy. Since the
glucagon receptor is localized on the surface of the lipid bilayer of the cell
membrane, deuterated dodecylphosphocholine micelles were used to imitate the

presence of a lipid/water interface. Although DPC micelles are not a perfect
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mimic of a natural lipid bilayer, they have been successfully utilized for studies
of peptide conformations in many cases (Kallick et al., 1995).

In this investigation, the TOCSY, DQF-COSY, and NOESY spectra of the
glucagon antagonist in a deuterated DPC micelle solution at pH 6.0 and 37 oC
were acquired using a Bruker AMX-500 spectrometer. The chemical shifts of the
protons in the molecule were successfully assigned using standard procedures
(Wiithrich, 1986) and numerous NOE cross peaks obtained from the NOESY
spectra were used for restrained molecular dynamics (simulated annealing). The
micelle-bound glucagon antagonist structure consists of four regions: an a-helix
between residues 17-29; a turn between residues 14-16; a helix-like turn between
residues 10-13; a flexible N-terminal segment between residues 2-9.

Although the glucagon antagonist showed a very similar conformation as
glucagon in the C-terminal region due to the unmodified C-terminal sequence, a
distinct difference was a salt bridge between Ser? and Glu®. This salt bridge
appears to be possible because of the absence of Phe¢, and the substitution of
Glu?® for Asp®, which resulted in an increased flexibility in the N-terminal region.
Although crystals of [desHis!, desPheé, Glu%]glucagon amide were obtained
under the same experimental procedure used by Sasaki and co-workers (Sasaki
et al., 1975), the structure is not yet solved due to a failure of obtaining multipie
isomorphous replacement (unpublished results, Ahn et al.). Even without the X-

ray crystal structure of the glucagon antagonist, conformational study of the
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glucagon antagonist using 2D NMR techniques has successfully revealed the
conformational differences between the antagonist and the agonist (glucagon) in

the N-terminal region.
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Chapter 7
Solid-Phase Peptide Synthesis of Glucagon Analogues

and Experimental Procedures

7.1. General Strategy of Solid-Phase Peptide Synthesis

The synthesis of peptides and proteins has become of central importance
to essentially all fields of chemistry, biology, and biophysics, as well as in the
practice of medicine. The synthesis of polypeptides is one of the most highly
developed areas of synthetic chemistry, and the powerful methods that have
been developed have made it possible for scientists not only to obtain large
quantities of native ligands, but also to study complex biological systems by
designing new and improved analogues. These remarkable achievements in
synthetic peptide chemistry, including the powerful solid-phase method of
Merrifield (Merrifield, 1963) and a variety of sophisticated methods for
orthogonal protection have helped us to better understand how nature works in
living systems. The glucagon analogues used for this study have been
synthesized using methods of solid-phase peptide synthesis, and the procedures
used will be described in brief in this chapter.

In solid-phase peptide synthesis, the polymer support is functionalized
with a chloromethyl (Merrifield’s original resin) or by other groups as will be

discussed later. As shown in Figure 7.1, the protected amino acid, which is
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Figure 7.1 General strategy in solid-phase peptide synthesis.
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temporarily protected with an N®-protecting group (Proti) and semi-
permanently with a side chain protecting group (Protz), is attached covalently to
the polymer support. Then the N®-amino group is liberated by removal of the
temporary protecting group, and the second amino acid is added by creation of a
peptide bond. During deprotection of the temporary protection group, the
permanent protecting groups on the side chain functionalities of the amino acids
must be intact. The N*-deprotection/coupling procedure is repeated until all
amino acid residues have been introduced. Then the side chain protecting
groups are removed and the peptide is cleaved from the polymer support.

As the growing peptide chain is covalently attached to the insoluble
polymer support, unreacted amino acids and coupling reagents can be easily
removed at each step by filtration and washing without loss of peptide, and an
excess of reagents can be introduced in order to force coupling reactions to
completion. Due to the ease of use, speed, and the repetitive aspects of the
deprotection/coupling procedures, solid-phase peptide synthesis has been

automated.

7.2. Polymer Support
The solid support, often referred to as a resin, is usually a polymer of
styrene 1% crosslinked with m-divinylbenzene to modify its physicochemical

parameters such as rigidity, physical stability, its ability to swell in solvents that
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Figure 7.2 4-(2',4’-dimethoxyphenyl-aminomethyl)-phenoxy resin, Rink amide

H,CO

resin.

are used during the synthesis, and accessibility of the reacting groups
(Merrifield, 1986). There are several resins used in the N*-Fmoc-t-butyl strategy.
The glucagon analogues in this study were synthesized using Rink amide resin
(Rink, 1987), a 4-(2’,4’-dimethoxyphenyl-aminomethyl)-phenoxy resin (Rink and
Sieber, 1989), shown in Figure 7.2. It allows the synthesis of peptide amides after
facile cleavage from the resin using TFA, which also deprotects semi-permanent
side chain protecting groups at the same time. On the other hand, the 4-
alkoxybenzyl alcohol resin (Wang resin) can be used for synthesis of peptide

acids with the N*-Fmoc-t-butyl strategy (Wang, 1973).

7.3. Protecting Groups for Amino Acids
Since peptides are usually synthesized from the C- to the N-terminus in
order to minimize racemization, the choice of temporary N°-protecting groups

for growing peptide is crucial and influences the coupling strategy, the side
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Table 7.1 Orthogonal side chain protection groups for N°-Fmoc strategy of solid-

phase peptide synthesis.
Functional Group Protecting Group Reference
B-Carboxyl (Asp) t-Butyl (OtBu) Chang et al., 1980

y-Carboxyl (Glu)
B-Carboxamide (Asn)
v-Carboxamide (GIn)
B-Imidazole (His)
e-Amino (Lys)
y-Guanido (Arg)

B-Hydroxyl (Ser)
B-Hydroxyl (Thr)
Phenolic Hydroxyl (Tyr)

B-Indole (Trp)
B-Sulfhydryl

Triphenylmethyl (Trt)

Triphenylmethyl (Trt)
t-Butoxycarbonyl (Boc)
2,2,5,7,8-Pentamethyl-
dihydrobenzofuran-5-
sulfonyl (Pbf)

t-Butyl (tBu)

t-Butyl (tBu)
t-Butoxycarbonyl (Boc)

Triphenylmethyl (Trt)

Meienhofer, 1985
Sieber and Riniker, 1991

Barlos et al., 1982
Meienhofer, 1985

Carpino et al., 1993

Loffet et al., 1989

Meienhofer, 1985
White, 1992

Meienhofer, 1985

chain protecting groups, and the final deprotection steps.

Two urethane

protecting groups, t-butyloxycarbonyl (Boc) and 9-fluorenylmethoxycarbonyl

(Fmoc), are commonly used (Anderson and McGregor, 1957; McKay and

Albertson, 1957; Geiger and Koénig, 1981; Carpino and Han, 1970; Fields and
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Noble, 1990), and they are cleaved under relatively mild acidic (TFA) and basic
(piperidine) conditions, respectively (Figure 7.3).

The side chain functional groups of amino acids are protected with
“orthogonal” protecting groups, which are stable under the conditions for
removing the temporary N®-protecting group. The usual side chain protecting
groups orthogonal to Boc and Fmoc groups, respectively, are as benzyl and ¢-
buty! related groups, and special considerations arise when only partial
deprotection of the side chain functional groups is desired. The most commonly

used orthogonal protection scheme for the Fmoc strategy is shown in Table 7.1.

7.4. Peptide Bond Formation

A large number of methods are known for preparing peptide bonds, and
amide bond formation is one of the most highly developed transformations in
organic chemistry. The best methods tend to lead to rapid completion of

coupling with no or few side reactions, and no racemization. For synthesis of the

Hsy
- PF,
Ho— AT 6
CHj N\\

Figure 7.4 Structure of 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium

hexafluorophosphate (HBTU).
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glucagon analogues, we used 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyl-
uronium hexafluorophosphate (HBTU; Figure 7.4). Though introduced in 1984
(Dourtoglou et al., 1984), HBTU did not gain wide use until more recently (Knorr
et al., 1989). Uronium salts have been shown to form active species quickly for
coupling, even in polar solvents, and they also have proved to be efficient for

side chain to side chain cyclic lactam bridge formation.

7.5. Allyloxycarbonyl and Allyl Protecting Groups

The allyloxycarbonyl (Alloc) group, introduced by Stevens and Watanabe
(Stevens and Watanabe, 1950), can be used for protection of amines and alcohols
(Guibé¢, 1998). Due to the mild deprotection conditions for the Alloc group and
its stability under the conditions of deprotecting Fmoc and Boc groups, Alloc has
gained attention as an alternative method for orthogonal protection of functional
groups in peptide synthesis (Dangles et al., 1987).

The mechanism of allyl group deprotection involves the formation of a n-
allyl palladium complex which further reacts with a nucleophile to transfer the
allyl group and regenerate the catalyst (Figure 7.5). The catalytic cycle of allyl
transfer reactions contains two major steps in which the PdL (ligand L, usually
triphenylphosphine) acts successively as a nucleophile (while in its zero valent
state) and then as a leaving group (once in its divalent oxidation state). In the

first step (oxidative addition), after prior coordination to the double bond, Pd°L,
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Figure 7.5 Proposed mechanism of palladium-catalyzed deprotection of the allyl

and allyloxycarbonyl groups.

displaces the leaving group Y, leading to a n-allyl complex. The second step
(reductive elimination) is the attack of a nucleophile on the n-allyl complex, in
which the allyl groups transfer from Y to Nu.

Because the allyl group can be deprotected under mild, neutral conditions,
it was used to prepare partially deprotected glucagon analogues, which
subsequently were cyclized to produce conformationally constrained glucagon
analogues (Figure 7.6). Fully protected glucagon analogues were synthesized
using normal N°Fmoc-t-butyl strategy, while Lys and Glu were protected by

Alloc and allyl groups, respectively. Then, the Alloc and allyl groups were



198

o Alloc/Allyl deprotection
Pd(PPh;), / PhSiH; / DCM

Hs
HaC-(f—CHs

Cyclization
HBTU / HOBt / DIEA / DMF

Hj
H3C‘-(I3—C H3

f w il H Tf
Hzc—o—c-w?—o---- "'"N—f—C—HN'-ﬁ—0—N——Q

(?th (?Hz)z
N e— C\\O

Figure 7.6 Scheme for synthesis of conformationally constrained glucagon

analogues with allyloxycarbonyl and ally! protected peptides.
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deprotected and the resulting free-amine and carboxylic function groups of Lys

and Glu were coupled to form a lactam bridge, to produce cyclic glucagon

analogues.

, 7.6. Experimental Procedures
a) Materials
All peptides designed in this investigation were prepared by solid-phase
techniques either manually or using an Applied Biosystems ABI 431 A automated
peptide synthesizer with N*-Fmoc-t-butyl chemistry. The N®-Fmoc protected
amino acids and 4-(2’,4’-dimethoxyphenyl-Fmoc-aminomethyl)-phenoxy resin
(Rink amide resin) were purchased from Advanced ChemTech (Louisville, KY),
Bachem (Torrance, CA), and American Peptide Company (Sunnyvale, CA). N°-
Fmoc-Glu(OAll) and N%-Fmoc-Lys(Alloc) were purchased from SNPE Inc.
(Princeton, NJ). Other chemicals and solvents were purchased from the
following sources: trifluoroacetic acid (TFA; Halocarbon Products, NJ); N,N-
diisopropylethylamine (DIEA), anisole, 1,2-ethanedithiol, dimethyl sulfide,
phenylsilane, piperidine, tetrakis(triphenylphosphine) palladium, potassium
ferricyanide, and acetic anhydride (Aldrich, Milwaukee, WI); dichloromethane
(DCM); N,N-dimethylformamide (DMF; Fischer Scientific, Pittsburgh, PA); 2-
! (1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU)

and 1-hydroxybenzotriazole (HOBt; Chem-Impex International, Wood Dale, IL);
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HPLC-quality acetonitrile (J. T. Baker, Phillipsberg, NJ); dodecylphosphocholine-
dis (Cambridge Isotope Laboratories, Andover, MA); bovine serum albumin
(BSA), chromatographic alumina (type WN3, neutral), cAMP, ATP, GTP, and all
enzymes (Sigma Chemicals, St. Louis, MO); ['%I]glucagon, [PH]JcAMP, and [a-
32P]ATP (New England Nuclear, Boston, MA); Dowex AG 50-W4 cation
exchange resin and weakly basic anion exchange resin, IRA-68 (BioRad, San
Diego, CA). All amino acids were of the L-configuration unless otherwise stated.
The purities of the peptides were checked by thin layer chromatography (TLC) in
three different solvents and analytical reverse-phase high pressure liquid
chromatography (HPLC) using VYDAC 218 TBP-16 column (4.6 x 250 mm) at
214, 254 and 280 nm. The structures of the purified peptides were characterized
by electrospray mass spectrometry (Finnigan LCQ Ion Trap Mass Spectrometer)
and by amino acid analysis (Applied Biosystems Model 420A Amino Acid
Analyzer).

TLC was performed using Merck silica gel 60 F-254 plates (0.25 mm iayer
thickness), and the following solvent systems were used: (A) 1-butanol/acetic
acid/pyridine/water (5:4:1:4); (B) 1-butanol/acetic acid/ pyridine/water (4:1:1:3);
(C) ethyl acetate/pyridine/acetic acid/water (12:4:4.2:2.2; Table 7.3). The
peptides were detected on the TLC plates using iodine vapor. The purification of
the peptides was achieved using Hewlett-Packard 1100 series HPLC instruments,

or Perkin-Elmer Binary LC Pump 250 and Perkin-Elmer LC 90 UV



201

Spectrophotometer detector for preparative high-pressure liquid
chromatography on a Cis-bonded silica columns (VYDAC, 10 x 250 mm, 10 p, 300
A, semi-preparative columns, Cat. No. 218TP1010) unless otherwise stated. The
peptides were eluted with a linear acetonitrile in 0.1% aqueous TFA gradient at a
flow rate of 5.0 mL/min. The separations were monitored at 280 nm with a
Hewlett-Packard 1100 series fixed-wavelength UV detector or a Perkin-Elmer LC
90 UV detector, and integrated with a Hewlett-Packard 3396 series III integrator.
The amino acid analysis was done using an Applied Biosystems Model 420A
Amino Acid Analyzer with automated hydrolysis (vapor phase at 160°C for 100
min using 6N HCI; Table 7.4) and without correction for decomposition. The
trifluoroacetate salt of the peptide was converted to the acetate salt of the peptide

with Sep-Pak® Vac 35cc (10g) C18 cartridges (Waters, Milford, MA).

b) General procedures for synthesis and purification of glucagon analogues
i) General protocol for peptide synthesis with N°-Fmoc-f-butyl chemistry

The glucagon analogues (Table 7.2) used in this investigation were
synthesized manually or with an Applied Biosystems ABI 431A automated
peptide synthesizer using N*-Fmoc-t-butyl chemistry. For the manual synthesis,
the Rink amide resin (4-(2’,4'-dimethoxyphenyl-Fmoc-aminomethyl)phenoxy
resin, substitution 0.4-0.7 mmol/g) was allowed to be swollen in DMF overnight.

The resin was washed with DMF (3 x 2 min), and the Fmoc protecting group was
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removed with 25% piperidine in DMF (1 x 5 min and 1 x 30 min). Then, the resin
was washed with DMF (3 x 2 min) and DCM (3 x 2 min), and the first N*-Fmoc
amino acid was coupled using pre-activated N*-Fmoc amino acid in DMF (3 eq
of N%-Fmoc amino acid, 3 eq of HBTU, and 3 eq of HOBt in DMF solution was
stirred for 30-60 min) and 6 eq of DIEA until Kaiser ninhydrin test (Kaiser et al.,
1970) and TNBS (2,4,6-trinitrobenzenesulfonyl acid) test (Hancock and Béttersby,
1976) became negative. If the tests were still positive 2 hr after the coupling
reaction started, the resin was washed with DMF (3 x 2 min) and DCM (3 x 2
min), and the amino acid was recoupled with pre-activated N®-Fmoc amino acid
in DMF (prepared in same manner) and 6 eq of DIEA for another 2 hr. If double
coupling did not result in negative Kaiser ninhydrin and TNBS tests, the resin
was washed with DMF (3 x 2 min) and DCM (3 x 2 min), and the unreacted
amino group was capped with 10% acetic anhydride in DMF for 30 min. When
the coupling reaction was finished, the resin was washed with DMF (3 x 2 min)
and DCM (3 x 2 min), and the same procedure was repeated for the next amino
acid until all the amino acids in the sequence were coupled. After the peptide
was synthesized on the resin, the resin was washed with DCM (3 x 2 min) and
dried under vacuum.

Alternatively, automated peptide synthesis was accomplished using an
ABI 431A automated peptide synthesizer with the HOBt-HBTU-Fmoc synthesis

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

were sometimes employed for improved peptide synthesis.
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For N®-acetylation, the resin was placed in the manual peptide synthesis
vessel and the N”-Fmoc protecting group was removed by 25% piperidine in
DMF (1 x 5 min and 1 x 30 min). The resin was washed with DMF (3 x 2 min)
and DCM (3 x 2 min), and treated with 10% acetic anhydride in DMF for 30 min.
The resin was washed with DMF (3 x 2 min) and DCM (3 x 2 min), DCM (3 x 2

min), and dried under vacuum.

if) General procedure for cleavage and final deprotection of the peptide

A cleavage mixture consisting of trifluoroacetic acid (18.0 mL), dimethyl
sulfide (0.5 mL), 1,2-ethanedithiol (0.5 mL), and anisole (1.0 mL) was chilled with
ice. The resin bound peptide (0.25 mmol) was placed in a disposable 50 mL
polystyrene tube. The chilled cleavage mixture was added to the tube and the
resultant solution was bubbled with nitrogen for 2 min. The tube was capped,
covered with aluminum foil, and the reaction mixture was stirred at room
temperature for 2 hr. The solution was filtered, and the resin was washed with
trifluoroacetic acid (5 mL) and DCM (2 x 5 mL). The combined solution was
concentrated with a gentle blow of nitrogen to a volume of approximately 3 mL,
and the peptide was precipitated with cold diethyl ether (40 mL). The peptide
was centrifuged to remove the ether and washed with another 40 mL of ether.

The peptide was centrifuged and dried under vacuum.
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iii) General procedure for purification of the peptides

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

20-60% over 20 min.

iv) General procedure for cyclizations via disulfide bonds

The purified peptide was dissolved in 20-25 mL of water and acetonitrile
was added to help dissolution. The peptide was slowly added to a solution of
potassium ferricyanide (prepared by mixing 1 mmol of KsFe(CN)s in 100 mL of
water, 20 mL of acetonitrile, and 20 mL of saturated ammonium acetate, and

adjusting the pH of the mixed solution to 8.5 with concentrated ammonium
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hydroxide) with a syringe pump (infusion rate of 1 mL/hr). After addition was
completed, the reaction mixture was acidified to pH 4 with acetic acid. Then, the
weakly basic anion exchange resin, IRA-68, was used to remove the ferricyanide
anion. The anion exchange resin was filtered, and the volatiles were evaporated

to get the cyclized peptide.

v) General procedure for cyclizations via lactam bonds

The fully protected resin-bound peptide with allyloxycarbonyl (Alloc) and
allyl (All) protecting groups for Lys and Glu was placed in a glass vessel, fitted
with a sintered glass filter and Teflon stoppers at both ends. At the top outlet of
this glass vessel, a mineral oil trap was used to prevent air from entering. This
system allowed maintaining at all times of an argon atmosphere inside the
vessel, which is critical for success in the catalytic allyl deprotection reaction.
During the deprotection, washing and coupling steps, the mixture was
continuously bubbled with argon. The solvents and all other chemicals were
introduced into the reaction vessel through the top of the vessel, while argon gas
was continuously purged through the reaction vessel. Used reaction mixtures
and washing solvents were removed from the resin by filtration through the
glass filter at the bottom of the reaction vessel into a waste container, and in the
course of filtration, argon was used to push the solutions or solvents through the

filter.
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In a typical example, to the resin washed with DCM (3 x 2 min) in the
presence of argon was added a solution of PhSiH3 (24 eq) in DCM, and a solution
of Pd(PPhs)s (0.25 eq) in DCM was added as argon was bubbled continuously
through the resin. The reaction mixture was bubbled with argon for 30 min.
Then, the resin was washed with DCM (3 x 2 min), DMF (3 x 1 min), and DCM (4
x 2 min), and the process was repeated. Then, the peptide resin was suépended
in DMF, followed by cyclization of the peptide via the free carboxylic acid side
chain of Glu and the free amino side chain group of Lys by addition of HBTU (6
eq), HOBt (6 eq), and DIEA (12 eq) for 2 hr. This process was repeated until

negative Kaiser ninhydrin and TNBS tests resulted.

¢) Biological assays
i) Isolation of liver plasma membranes

Liver plasma membranes were prepared from male Sprague Dawley rats
weighing between 200 and 250 g (Neville, 1968; Pohl et al., 1971). The isolated
livers were homogenized and filtered at 4°C to remove all large organelles.
Membranes were purified by centrifugation at 1,500 g, followed by
ultracentrifugation using 42.3%/69% (w/w) sucrose gradient at 100,000 g for 2
hr. The final pellets were resuspended with 10 mL of 25 mM Tris buffer (pH 7.5
at 25°C). The amount of protein was determined by the Lowry method (Lowry

et al., 1951) and the modified procedure (Markwell et al., 1978). Subsequently, 1-
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2 mg protein aliquots in 25 mM Tris buffer (pH 7.5 at 25°C) were stored in liquid

nitrogen for use within 1-3 months.

ii) Receptor binding assay

Glucagon and its analogues were dissolved in 1 mM HCI to a
concentration of 100 uM (stored at -80°C in the form of a lyophilized powder)
and further diluted by 25 mM Tris buffer (pH 7.5 at 25°C) to the desired
concentration range just prior to the assay. The binding assay was performed
according to Wright and Rodbell (Wright and Rodbell, 1979), in which
competition for glucagon receptors between [!?25[]glucagon and the glucagon
analogue was measured. Briefly, an incubation medium that had a volume of
500 pL consisting of liver plasma membrane containing 50 pg of protein, 150,000
CPM of ['®I]glucagon, and unlabeled glucagon or glucagon analogues at a
desired concentration, all in 25 mM Tris with 0.4% BSA (pH 7.5 at 25°C), was
incubated for 10 min at 30°C followed by immediate cooling in an ice bath, and
filtered through a 0.45 pm cellulose acetate filter previously soaked for 12 hours
in a Tris-BSA buffer. Four milliliters of ice cold Tris-BSA buffer was used for
washing, and the amount of radioactivity remaining on the filter was quantitated
using a LKB1275 mini-gamma counter. Nonspecific binding, measured in the
presence of excess unlabeled peptide (1024 nM), was typically 15-20% of the total

binding and was subtracted in each case to give the specific binding. Results
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were expressed as the percent inhibition of ['25[]glucagon specific binding.

Assays were performed in triplicate and repeated twice.

iif) Adenylate cyclase assay

Adenylate cyclase activity was measured by the conversion of [a->2P]ATP
to cyclic-3’,5’-AMP as described by Lin (Lin et al., 1975). Labeled cAMP was
determined by the method of Salomon (Salomon et al., 1974) using sequential
chromatography on columns of Dowex cation-exchange resin and aluminum
oxide. Briefly, 0.1 mL of incubation medium consisting of 1 mM [a-32P]ATP; 5
mM MgClz; 10 mM GTP; 1 mM EDTA; 1 mM cAMP containing 10,000 CPM of
[3H]cAMP; 25 mM Tris (pH 7.5); 0.4% BSA; 35 ug of membrane protein; and an
ATP regenerating system that contained 20 mM phosphocreatine and 0.72
mg/mL creatine phosphokinase. Results are expressed as a potency (ECso),
relative to glucagon (defined as 100%) and in terms of the maximal stimulation of
adenylate cyclase by glucagon (defined as 100%).

For the pA: values, a dose/response plot was obtained by determining the
response when the concentration of glucagon was varied while the concentration
of the antagonist was kept the same. The plots were obtained by using different
concentrations (range from 1 to 10 uM) of antagonists. The dose/response
curves exhibit shifts in the ECso values which were used in calculating the pA:

values as described by Schild (Schild, 1947).
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Table 7.2 Glucagon analogues synthesized for this investigation.

Peptide Structure
Glucagon H-His!-Ser-GIn-Gly-Thr3-Phe-Thr-Ser- Asp-Tyr10-Ser-
Lys-Tyr-Leu-Asp!3>-Ser-Arg-Arg-Ala-GIn?°-Asp-Phe-
Val-GIn-TrpZ-Leu-Met-Asn-Thr**-OH

1 Glucagon(1-11) amide

2 Glucagon(5-16) amide

3 Glucagon(10-20) amide

4 Glucagon(15-26) amide

5 Ac-Glucagon(6-14) amide

6 Ac-[Cys?1]glucagon(6-14) amide

7 Ac—c[Cys”1l]glucagon(6-14) amide

8 Ac-[Cys”1?]glucagon(6-14) amide

9 Ac—c[Cys”1?2]glucagon(6-14) amide
10 Ac-[Cys”1?]glucagon(6-15) amide
11 Ac-c[Cys”12]glucagon(6-15) amide
12 Ac-[Cys®H]glucagon(6-15) amide
13 Ac—c[Cys®!1]glucagon(6-15) amide
14 Ac-[Cys®¥]glucagon(9-14) amide

15 Ac-c[Cys®!]glucagon(9-14) amide

16 Ac-Glucagon(17-29) amide

17 Ac-Glucagon(10-29) amide

18 Ac-Glucagon(6-29) amide
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Table 7.2 (Continued)
Peptide Structure
Glucagon H-His!-Ser-GIn-Gly-Thr’-Phe-Thr-Ser-Asp-Tyr0-Ser-

19
20
21

24

26
27
28
29
30
31
32

33

35
36

Lys-Tyr-Leu-Asp!5-Ser-Arg-Arg-Ala-GIn?0- Asp-Phe-
Val-GIn-Trp%-Leu-Met-Asn-Thr?®-OH

Ac-[Nal(2)113]glucagon(10-29) amide
Phenylacetyl-glucagon(10-29) amide
Phenylbutyryl-glucagon(10-29) amide
Phenylhexanoyl-glucagon(10-29) amide
Phenylbutyryl-[Nal(2)!3]glucagon(10-29) amide
[Cys?*7]Glucagon amide
c[Cys?7]Glucagon amide
[Cys*°]Glucagon amide
c[Cys*9]Glucagon amide
[Cys”12]Glucagon amide
c[Cys”1?]Glucagon amide
[Cys!+1%]Glucagon amide
c[Cys!*19]Glucagon amide

c[Lys3, Glu7}Glucagon amide

c[Lys3, Glu®]Glucagon amide

c[Lys?, Glu']Glucagon amide

c[Lys?, Glu®*}Glucagon amide

c[Lys?, Glu”JGlucagon amide




Table 7.2 (Continued)
Peptide Structure
Glucagon H-His!-Ser-GIn-Gly-Thr5-Phe-Thr-Ser-Asp-Tyr!0-Ser-

Lys-Tyr-Leu-Asp'>-Ser-Arg-Arg-Ala-GIn2°-Asp-Phe-
Val-GIn-Trp®-Leu-Met-Asn-Thr#®-OH

37 c[Lys??, Glu?']Glucagon amide

38 [desHis!, Alat, Glu®]Glucagon amide

39 [desHis!, D-Alat, Glu®]Glucagon amide

40 [desHis!, Leut, Glu®]Glucagon amide

41 [desHis!, D-Leu?, Glu?]Glucagon amide

42 [desHis!, desPhe$, Glu®]Glucagon amide
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Table 7.3 Physicochemical properties of glucagon analogues synthesized in this

investigation.
Molecular Weight HPLC R¢, TLC eluents<
Peptide
Calculated Founda k'® A B C
1 1227.5 1227.6 1.534 0.76 0.26 0.72
2 1424.6 14249 2.814 0.76 046 0.79
3 1384.7 1385.1 1.394 0.74 0.24 0.79
4 1518.8 1519.2 3.934 0.74 037 0.79
5 1163.5 1163.3 3.544 0.78 0.62 0.85
6 11815 11814 3.634 0.76 0.54 0.79
7 1179.5 1179.4 2.674 0.78 0.62 0.85
8 1140.4 11404 4.344 0.77 0.62 0.65

a Molecular weight found by electrospray mass spectrometry
bHPLC k’ = [(peptide retention time - solvent retention time)/(solvent retention
time)] under the following conditions: gradient 10-90% acetonitrile in 0.1%
trifluoroacetic acid over 40 mind; 20-60% over 20 mine; 0-50% over 25 minf (flow
rate 1.0 mL/min)
<TLC - silica gel 60 F-245, 0.25 mm layer thickness; eluent systems:

A 1-butanol/acetic acid/ pyridine/ water (5:4:1:4)

B 1-butanol/acetic acid/ pyridine/water (4:1:1:3)

C ethyl acetate/ pyridine/acetic acid/ water (12:4:4.2:2.2)



Table 7.3 (Continued)
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Molecular Weight HPLC R¢, TLC eluents©
Peptide
Calculated Found? | A B C
9 11384 1138.6 3.33d 0.79 0.67 0.67
10 1255.5 1255.4 2.27¢ 0.73 0.40 0.62
11 1253.5 1253.6 3.154 0.75 049 0.77
12 1256.5 1256.5 4.97f 0.74 042 0.60
13 1254.5 12545 4.39f 0.82 0.56 0.67
14 806.3 806.5 5.56f 0.75 0.58 0.72
15 804.3 804.5 5.36f 0.75 0.57 0.70
16 1706.0 1706.1 4.994 0.77 0.29 0.04
17 22629 2263.2 6.66¢ 0.76 0.50 0.22
18 3013.3 30129 3.60¢ 0.72 051 0.30
19 2631.0 2630.7 4.62¢ 0.76 0.52 0.19
20 2639.1 2639.0 3.77¢ 0.75 0.52 0.34
21 2667.1 2667.0 4.03e 0.75 0.54 0.43
22 25951 2694.6 4.38e 0.77 048 051
23 2701.1 2701.2 4.51e 0.73 0.44 0.08
24 34999 3499.8 3.25¢ 0.72 0.31 0.07
25 34979 34977 3.11e 0.74 043 0.11
26 3516.0 3515.7 3.27¢ 0.77 0.33 0.08




Table 7.3 (Continued)

~N
(6))

Molecular Weight HPLC R¢, TLC eluents©
Peptide
Calculated Found? k'® A B C
27 3514.0 3513.6 3.21e 0.78 0.32 0.06
28 3458.8 3458.8 3.52¢ 0.82 0.37 0.18
29 3456.8 3456.3 3.41e 0.74 0.44 0.12
30 3503.9 3503.4 275 0.75 0.35 0.05
31 3501.9 3501.9 2.65¢ 0.74 0.24 0.06
32 3491.9 3491.4 4.92d 0.74 0.42 0.12
33 3504.9 3504.8 4.884 0.75 041 0.09
34 3532.9 3532.8 4.994 0.75 0.32 0.07
35 3442.8 3443.2 4.794 0.74 0.29 0.06
36 3401.7 3402.0 4.934 0.76 0.33 0.05
37 3449.8 3450.0 5.034 0.76 0.42 0.07
38 3372.7 3372.8 3.23¢ 0.77 0.49 0.33
39 3372.7 3373.2 3.23¢ 0.78 043 0.42
40 3414.8 3414.8 4.444 0.78 0.44 0.12
41 3414.8 3414.8 4.334 0.79 0.50 0.20
42 3211.5 3211.8 4.834 0.78 0.37 0.09




Table 7.4 Amino acid analysis of the glucagon analogues used in this investigation.

1 2 3 4 5 6 7
Asx 0.82(1) 1.58 (2) 0.93 (1) 1.85(2) 0.85(1) 1.02 (1) 0.95(1)
Glx 0.89 (1) - 1.01 (1) 1.90 (2) - - -
Ser 218(2) 223(2) 177 (2) 0.92 (1) 1.58 (2) 1.10(1) 0.99 (1)
Gly 1.08 (1) - - - - - -
Arg - - 1.84 (2) 1.96 (2) - - -
Thr 1.67 (2) 1.72 (2) - - 0.95 (1) - -
Ala - - 1.00 (1) 1.05 (1) - - -
Tyr 0.84 (1) 1.73 (2) 1.71(2) - 1.62(2) 1.87 (2) 174 (2)
Val - - - 0.92(1) - - -
Met - - - - - - -
Leu - 1.03 (1) 1.09 (1) 0.98 (1) 0.99 (1) 1.13(1) 1.43 (1)
Phe 1.00(1) 1.00 (1) - 1.00 (1) 1.00 (1) 1.00 (1) 1.34(1)
Lys - 0.93 (1) 0.85(1) - 0.90 (1) 0.98 (1) 1.00 (1)
His 0.82 (1) - - - - - -

91¢C



Table 7.4 (Continued)

8 9 10 11 12 13 14
Asx 0.98 (1) 0.77 (1) 1.79 (2) 1.64 (2) 0.95 (1) 1.05(1)
Glx
Ser 1.95(2) 1.71 (2) 1.83(2) 1.60 (2) 1.66 (2) 1.81(2) 0.89 (1)
Gly
Arg
Thr 0.99 (1) 0.92 (1)
Ala - - - -
Tyr 1.76 (2) 141 (2) 1.69(2) 1.78 (2) 157 (2) 1.81(2) 1.77 (2)
Val
Met -
Leu 1.01(1) 1.04 (1) 1.10 (1) 1.02 (1)
Phe 1.00 (1) 1.00 (1) 1.00 (1) 1.00 (1) 1.21(1) 1.00 (1)
Lys 1.00 (1) 0.95 (1) 1.00 (1)
His

yAYS
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15 16 17 18 19 20 21

Asx 1.54 (2) 251(3) 340 (4) 2.82(3) 2.74 (3) 249 (3)
Glx 1.62 (2) 2.06(2) 212(2) 218 (2) 2.05(2) 1.87 (2)
Ser 1.02 (1) 1.57 (2) 242 (3) 1.97 (2) 1.63 (2) 1.59 (2)
Gly

Arg 1.81(2) 220 (2) 2.16 (2) 210(2) 2.14(2) 202 (2)
Thr 0.83 (1) 1.02 (1) 1.94 (2) 1.04 (1) 1.01 (1) 097 (1)
Ala 1.02 (1) 1.17 (1) 1.17 (1) 1.14 (1) 113 (1) 1.09 (1)
Tyr 1.65 (2) 1.65 (2) 1.69 (2) 1.69 (2) 1.72(2)
Val 0.88 (1) 1.14 (1) 0.98 (1) 0.98 (1) 1.06 (1) 1.02(1)
Met 0.94 (1) 0.81 (1) 0.92 (1) 1.05(1) 0.97 (1) 1.27 (1)
Leu 1.08 (1) 219(2) 214 (2) 219(2) 222(2) 221(2)
Phe 1.00 (1) 1.00 (1) 2.00 (2) 1.00 (1) 1.00 (1) 1.00(1)
Lys 1.00 (1) 0.97 (1) 0.98 (1) 1.03 (1) 1.03(1) 0.97 (1)
His

81¢



Table 7.4 (Continued)

22 23 24 25 26 27 28
Asx 3103)  271(3) 3.77 (4) 351(4)  271(3) 312(3)  3.75(4)
Gix 2292 1992 2.88 (3) 3.02 (3) 2.74 (3) 3.03 (3) 283 (3)
Ser 185(2)  161(2 2.56 (3) 2.54 (3) 363 (4) 343 (4) 3.54 (4)
Gly - 1.02(1) 1.28 (1) - . 1.16 (1)
Arg 2.33(2) 2.20 (2) 2,05 (2) 2,07 (2) 2,00 (2) 244 (2) 212(2)
Thr 1.13 (1) 0.98 (1) 1.93(2) 1.93(2) 2.79 (3) 2.83 (3) 1.95(2)
Ala 1.20 (1) 1.10 (1) 1.09 (1) 1.14 (1) 1.05 (1) 142(1) 1.16 (1)
Tyr 1.78 (2) 0.87 (1) 1.68 (2) 1.63(2) 145 (2) 146 (2) 149 (2)
Val 0.95 (1) 0.98 (1) 0.90 (1) 098(1)  0.88(1) 1.17 (1) 1.03 (1)
Met 105(1)  077Q) 1.37 (1) 130(1)  1.22(1) 0.69 (1) 1.23 (1)
Leu 234 (2) 214 (2) 219 (2) 2.16 (2) 212(2) 2.32(2) 2.32(2)
Phe 1.00 (1) 1.00 (1) 2.00 (2) 2,00 (2) 2,00 (2) 2.00 (2) 2,00 (2)
Lys 1.07 (1) 0.96 (1) 0.97 (1) 100(1)  092(1) 1.17 (1)

His 0.79 (1) 082(1)  086(1)  095(1)  0.61(1)

61C



Table 7.4 (Continued)

29 30 31 32 33 34 35

Asx 435(4) 407 (4) 412 (4) 4.27 (4) 317 (3) 3.98 (4) 3.14 (3)
Glx 342(3) 3.02(3) 2.87 (3) 3.25 (3) 4.24 (4) 4.06 (4) 391 (4)
Ser 3.51 (4) 3.57 (4) 3.46 (4) 3.60 (4) 3.52 (4) 2.71 (3) 3.40 (4)
Gly 1.14 (1) 1.11 (1) 1.25(1) 1.06 (1) 1.29 (1) 0.99 (1) 1.15 (1)
Arg 248 (2) 217 (2) 216 (2) 218 (2) 2.20 (2) 259 (2) 2.11(2)
Thr 2.15(2) 3.11 (3) 3.00 (3) 1.9 (2) 2,04 (2) 1.87 (1) 273 (3)
Ala 1.27 (1) - 1.14 (1) 1.14 (1) 141 (1) 1.00 (1)
Tyr 1.25 (1) 149 (2) 147 (2) 1.77 (2) 1.83 (2) 1.64 (2) 0.80 (1)
Val 0.98 (1) 0.81 (1) 0.85 (1) 0.94 (1) 1.04 (1) 1.11 (1) 0.84 (1)
Met 1.31 (1) 1.10 (1) 0.95 (1) 0.88 (1) 1.03 (1) 1.06 (1) 0.76 (1)
Leu 2.31(2) 1.1 (1) 1.05 (1) 2.30 (2) 2.29(2) 2,01 (2) 2.00 (2)
Phe 2.00 (2) 2,00 (2) 2,00 (2) 2,00 (2) 2,00 (2) 2.00 (2) 176 (2)
Lys 0.95 (1) 1.00 (1) 1.86 (2) 199 (2) 187 (2) 1.86 (2)
His 0.73 (1) 0.95 (1) 0.96 (1) 0.85 (1) 0.90 (1) 0.62(1) 0.93 (1)

0cc



Table 7.4 (Continued)

36 37 38 39 40 a1 2
Asx 3.98 (4) 285(3)  309(3)  302(3)  282(3) 298(3)  3.12(3)
Glx 417(4)  385(4)  391(4) 3794 39 (4) 413(4)  394(4)
Ser 338(4)  333(4)  355(4)  351(4)  346(4)  354(4)  360(4)
Gly 1.33(1) 1.36 (1) . - 1.19(1)
Arg 114(1) 1101 215(Q)  227(Q)  218(2) 223(2) 229(2)
Thr 276(3)  275(3)  293(3)  275(3)  299(3) 292(3)  31003)
Ala 1.10(1) 1.04(1)  209(2) 212(2)  1.09(1) 1.11 (1) 1.15(1)
Tyr 0.73 (1) 176(2)  180(2)  165(2)  181(2) 1902  177()
Val 1.07 (1) 1.02(1)  099(1) 092(1)  095(1) 093(1)  089(1)
Met 083(1)  040(1)  086(1)  065(1)  061(1)  091(1)  056(1)
Leu 2.29(2) 225(2) 2162  210(2)  3103)  306(3)  216(2)
Phe 210(2) 2060  200Q)  200)  2002) 200  100(Q)
Lys 2.00(2) 2000  096(1)  098(1)  103(1)  098(1)  1.00(1)
His 088(1)  0.87(1)

Icc



d) Synthesis of the glucagon analogues used in this investigation

Glucagon(1-11) amide (1), glucagon(5-16) amide (2), glucagon(10-20) amide (3), and
glucagon(15-26) amide: These peptides were synthesized by an ABI 431A
automated peptide synthesizer using 0.391 g of Rink amide resin (substitution
0.64 mmol/g), and part of the crude peptides was purified with RP-HPLC (0-50%
acetonitrile in 0.1% TFA (aq) over 30 min, 5.0 mL/min) to obtain 143, 126, 108,

and 143 mg, respectively.

Ac-glucagon(6-14) amide (5): This peptide was synthesized by an ABI 431A
automated peptide synthesizer using 0.510 g of Rink amide resin (substitution
0.49 mmol/g), and part of the crude peptide was purified with RP-HPLC (10-

90% acetonitrile in 0.1% TFA (aq) over 40 min, 5.0 mL/min) to obtain 153 mg.

Ac-[Cys”1]glucagon(6-14) amide (6) and Ac-[Cys’-12]glucagon(6-14) amide (8): These
peptides were synthesized by an ABI 431A automated peptide synthesizer using
0.510 g of Rink amide resin (substitution 0.49 mmol/g), and part of the crude
peptides was purified with RP-HPLC (20-50% acetonitrile in 0.1% TFA (aq) over
30 min, 5.0 mL/min with C;-bonded semi-preparative column) to obtain 11 and

12 mg, respectively.
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Ac-c[Cys”1]glucagon(6-14) amide (7) and Ac-c[Cys’-12]glucagon(6-14) amide (9):
Crude Ac-[Cys”!1]-glucagon(6-14) amide and Ac-[Cys712]-glucagon(6-14) amide
were cyclized using potassium ferricyanide solution for 6 hr, and the cyclized
crude peptides were purified with RP-HPLC (20-50% acetonitrile in 0.1% TFA

(aq) over 30 min, 5.0 mL/min) to obtain 73 and 17 mg, respectively.

Ac-[Cys”12|glucagon(6-15) amide (10) and Ac-[Cys?'¢]glucagon(6-15) amide (12):
These peptides were synthesized by an ABI 431A automated peptide synthesizer
using 0.391 g of Rink amide resin (substitution 0.64 mmol/g), and part of the
crude peptides was purified with RP-HPLC (20-50% acetonitrile in 0.1% TFA (aq)
over 30 min, 5.0 mL/min and 18-30% over 6 min, respectively) to obtain 21 and

42 mg, respectively.

Ac-c[Cys”1?|glucagon(6-15) amide (11) and Ac-c[Cys®'#]glucagon(6-15) amide (13):
Some of the crude Ac-[Cys”1?]Jglucagon(6-15) amide and Ac-[Cys®!]glucagon(6-
15) amide were cyclized with potassium ferricyanide solution for 1 day, and part
of the crude peptides was purified with RP-HPLC (10-90% acetonitrile in 0.1%
TFA (aq) over 40 min, 5.0 mL/min, and 14-30% over 8 min, respectively) to

obtain 29 and 102 mg, respectively.
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Ac-[Cys*1*glucagon(9-14) amide (14): This peptide was synthesized by an ABI
431A automated peptide synthesizer using 0.510 g of Rink amide resin
(substitution 0.49 mmol/g), and part of the crude peptide was purified with RP-
HPLC (10-22% acetonitrile in 0.1% TFA (aq) over 12 min, 5.0 mL/min) to obtain

11 mg.

Ac-c[Cys¥|glucagon(9-14) amide (15): 116 mg of the crude Ac-[Cys%!]-
glucagon(9-14) amide was cyclized with potassium ferricyanide solution for 1
day, and part of the crude peptide was purified with RP-HPLC (10-20%

acetonitrile in 0.1% TFA (aq) over 10 min, 5.0 mL/min) to obtain 47 mg.

Synthesis of fully protected N°-Fmoc-glucagon(17-29)-Rink amide resin: Resin-bound
fully protected Fmoc-glucagon(17-29)-Rink amide resin was synthesized
manually with the procedure described earlier. 10.0 g of Rink amide resin
(substitution 0.64 mmol/g) was used for the synthesis, and the weight after the
synthesis was completed was 21.3 g. 24.9 mg of the resin was treated with 20%
piperidine in DMF for 30 min, and the UV absorbance of the dibenzofulven-
piperidine adduct (¢ = 5261 dm3?/mol-cm at 290 nm) in the piperidine solution,
which was produced by deprotection of the N*-Fmoc group by piperidine, was

measured to calculate the substitution of the peptide on the resin. The calculated



225

substitution from the UV absorbance of 2.591 was 0.20 mmol/g (84% overall

yield).

Synthesis of fully protected N°-Fmoc-glucagon(13-29)-Rink amide resin: Fully
protected N®-Fmoc-glucagon(17-29)-Rink amide resin (14.0 g; substitution 0.20
mmol/g) was used for the manual synthesis of the fully protected N°-Fmoc-
glucagon(13-29)-Rink amide resin, and the weight after the synthesis was
completed was 15.3 g. 43.6 mg of the resin was treated with 20% piperidine in
DMF for 30 min, and the UV absorbance of the dibenzofulven-piperidine adduct
in the piperidine solution was used to calculate the substitution of the peptide on
the resin. The calculated substitution from the UV absorbance of 2.005 was
0.175mmol/ g (95% overall yield). A small amount of the resin was cleaved, and
the crude peptide, Fmoc-glucagon(13-29) amide showed one peak in analytical
RP-HPLC (10-90% acetonitrile in 0.1% aqueous TFA over 40 min, 1.0 mL/min, k’
= 6.05) and the correct mass (2364.4, found; 2364.7, calculated) was observed by
ESI mass spectrometry, indicating a successful synthesis. This protected peptide

resin was used for several further syntheses.

Ac-glucagon(17-29) amide (16): This peptide was synthesized using an ABI 431A
automated peptide synthesizer, 0.403 g of Rink amide resin (substitution 0.62

mmol/g) with a modified program (deprotection of the N>-Fmoc group with
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25% piperidine in DMF (1 x 3 min and 1 x 30 min) and coupling reaction for 2
hr). Part of the crude peptide was purified with RP-HPLC (20-60% acetonitrile in

0.1% TFA (aq) over 40 min, 5.0 mL/min) to obtain 85 mg.

Ac-glucagon(10-29) amide (17): This peptide was synthesized using an ABI 431A
automated peptide synthesizer and 0.510 g of Rink amide resin (substitution 0.49
mmol/g). Part of the crude peptide was purified with RP-HPLC (25-35%

acetonitrile in 0.1% TFA (aq) over 30 min, 5.0 mL/min) to obtain 45 mg.

Ac-glucagon(6-29) amide (18): This peptide was synthesized using an ABI 431A
automated peptide synthesizer and 1.429 g of the fully protected Fmoc-
glucagon(13-29)-Rink amide resin (0.175 mmol/g) with a modified program
(deprotection of N*-Fmoc with 25% piperidine (1 x 3 min and 1 x 30 min) and the
coupling reaction for 1 hr). 200 mg of the crude peptide was purified with RP-
HPLC (30-38% acetonitrile in 0.1% TFA (aq) over 8 min, 5.0 mL/min) to obtain 65

mg.

Ac-[Nal(2)1013]glucagon(10-29) amide (19): This peptide was synthesized with an
ABI 431 A automated peptide synthesizer using 1.250 g of the fully protected N°-
Fmoc-glucagon(17-29)-Rink amide resin (0.20 mmol/g) with modification of

program (deprotection of N°Fmoc group with 25% piperidine in DMF (1 x 3 min
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and 1 x 30 min) and coupling reaction for 1 hr). 200 mg of the crude peptide was
purified with RP-HPLC (35-35-42% acetonitrile in 0.1% TFA (aq) over 1 min and

7 min, 5.0 mL/min) to obtain 85 mg.

Phenylacetyl-glucagon(10-29) amide (20), phenylbutyryl-glucagon(10-29) amide (21),
and phenylhexanoyl-glucagon(10-29) amide (22): Fully protected N"-Fmoc-
glucagon(13-29)-Rink amide resin (2.0 g, 0.175 mmol/g) was used to synthesize
the fully protected Fmoc-glucagon(10-29)-Rink amide resin manually. After the
attachment of Tyrl® and subsequent washing step, the resin was dried and
distributed into three equal portions. The N*-Fmoc group was deprotected for
each portion, and phenylacetyl, phenylbutyryl, and phenylhexanoyl groups were
coupled to each portion with 3 eq of the corresponding acid, 3 eq of HBTU, 3 eq
of HOBt, and 6 eq of DIEA in DMF for 1 hr. The crude peptides were purified
with RP-HPLC (29-42% acetonitrile in 0.1% TFA (aq) over 13 min, 5.0 mL/min)

to obtain 91, 91, and 122 mg, respectively.

Phenylbutyryl-[Nal(2)13]glucagon(10-29) amide (23): This peptide was synthesized
using an ABI 431A automated peptide synthesizer with 1.250 g of the fully
protected N*-Fmoc-glucagon(17-29)-Rink amide resin (0.20 mmol/g) with
modification of program (deprotection of Fmoc group with 20% piperidine in

DMEF (1 x 3 min and 1 x 30 min) and coupling reaction for 1 hr). 206 mg of the
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crude peptide was purified with RP-HPLC (35-45% acetonitrile in 0.1% TFA (aq)

over 10 min, 5.0 mL/min) to obtain 34 mg.

[Cys?7]Glucagon amide (24), [Cys*?]glucagon amide (26), and [Cys’12]glucagon amide
(28): Each of these peptides was synthesized manually using 1.000 g of the fully
protected N°-Fmoc-glucagon(13-29)-Rink amide resin (0.175 mmol/g). Each
crude peptide (300 mg) was purified using RP-HPLC (25-38% acetonitrile in 0.1%

TFA (aq) over 13 min, 5.0 mL/min) to obtain 75, 52, 40 mg, respectively.

c[Cys?7]Glucagon amide (25), c[Cys*?]glucagon amide (27), and c[Cys’-12]glucagon
amide (29): Purified [Cys?7]glucagon amide (27 mg), purified [Cys*°]glucagon
amide (20 mg), and purified [Cys”!?]glucagon amide (21 mg) were cyclized with
potassium ferricyanide solution for 1, 2, and 1 days, respectively. The cyclized
peptides were purified using RP-HPLC (20-42% acetonitrile in 0.1% TFA (aq)
over 11 min, 5.0 mL/min, 20-42% over 11 min, and 25-38% over 13 min,

respectively) to obtain 9, 5, and 4 mg, respectively.

[Cys'+19]Glucagon amide (30): This peptide was synthesized using an ABI 431A
automated peptide synthesizer and 0.403 g of Rink amide resin (substitution 0.62
mmol/g) with a modified program (deprotection of Fmoc group with 25%

piperidine in DMF (1 x 3 min and 1 x 30 min) and coupling reaction for 2 hr).
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Part of the crude peptide was purified using RP-HPLC (20-50% acetonitrile in

0.1% TFA (aq) over 30 min 5.0 mL/min) to obtain 89 mg.

c[Cys™*19]Glucagon amide (31): Purified [Cys!*1%]glucagon amide (21 mg) was
dissolved in 30 mL of aqueous ammonium acetate buffer solution (pH 6.0), and 6
mL of DMSO (Tam et al., 1991) was added to the peptide solution. The reaction
mixture was stirred at room temperature for 2 days until the linear precursor (30)
was consumed completely. On the other hand, 42 mg of the purified [Cys!+19]-
glucagon amide was cyclized with potassium ferricyanide solution for 1 day, and
the cyclized peptide was purified using the RP-HPLC (25-35% acetonitrile in

0.1% TFA (aq) over 10 min, 5.0 mL/min) to obtain 7 mg.

c[Lys®, Glu’]Glucagon amide (32), c[Lys®, Glu®]glucagon amide (33), c[Lys’, Glu'1]-
glucagon amide (34), c[Lys®, Glu'3]glucagon amide (35), c[Lys!3, Glu'?]glucagon amide
(36), and c[Lys'?, Glu?'|glucagon amide (37): These peptides were synthesized
manually using 0.391 g of Rink amide resin (substitution 0.70 mmol/g). Each of
the resin-bound peptides was cyclized with Pd(PPhs)s and phenylsilane as
described earlier. The crude peptides were purified with RP-HPLC (10-90
acetonitrile in 0.1% TFA (aq) over 40 min, 5 mL/min) to obtain 4, 7, 9, 12, 13, and

37 mg, respectively.



230

[desHis!, Alat, Glu®]Glucagon amide (38) and [desHis?, D-Ala*, Glud]glucagon amide
(39): These peptides were synthesized using an ABI 431A automated peptide
synthesizer and Rink amide resins (0.568 g, substitution 0.44 mmol/g and 0.391
g. 0.64 mmol/ g, respectively). Each crude peptide (200 mg) was purified using
RP-HPLC (20-50% acetonitrile in 0.1% TFA (aq) over 30 min, 5.0 mL/min) to

obtain 50 and 10 mg, respectively.

[desHis!, Leu?, Glu?]Glucagon amide (40) and [desHis!, D-Leu*, Glu®]glucagon amide
(41): These peptides were synthesized using an ABI 431A automated peptide
synthesizer and Rink amide resin (0.391 g, substitution 0.64 mmol/g). Part of the
crude peptides was purified using RP-HPLC (25-55% acetonitrile in 0.1% TFA

(aq) over 30 min, 5.0 mL/min) to obtain 20 and 14 mg, respectively.

Large scale synthesis of [desHis!, desPheS, Glu®]glucagon amide (42): For the in vivo
diabetic ketoacidosis experiments, a large quantity of the glucagon antagonist
needed to be synthesized. Therefore, the peptide was synthesized using an ABI
431A automated peptide synthesizer 12 times with the typical procedure
described earlier. The crude peptide was purified using RP-HPLC (25-25-55%
acetonitrile in 0.1% TFA (aq) over 5 min and 30 min, 5.0 mL/min), and the

weight of the purified peptide was 1.663 g (17% overall yield).
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Preparation of the glucagon antagonist 42 solution for the conformational study:
[desHis!, desPhe®, Glu®]glucagon amide (25 mg, 7 mM) and 133 mg of
dodecylphosphocholine-dss (283 mM) were dissolved in 1.0 mL of 50 mM

sodium phosphate buffer (pH 6.00, 90% H20/10% D20) containing 1 mM NaNa.

Acetate salt conversion of trifluoroacetate salt of [desHis', desPhe®, Glu®]glucagon amide
(42): Each of two Sep-Pak C18 cartridges (Waters, Vac 35cc, 10 g) was washed
with 200 mL of acetonitrile and 200 mL of 5% aqueous acetic acid. In the
meantime, 316 mg of the purified [desHis!, desPheé, Glu®]glucagon amide (TFA
salt) was dissolved in 90 mL of 5% aqueous acetic acid, and was equally loaded
into each of two cartridges. The peptide on each cartridge was washed with 200
mL of 5% aqueous acetic acid and eluted with 100 mL of 40% acetonitrile in 5%
aqueous acetic acid. The eluted peptide was lyophilized and the weight of the
peptide (acetate salt) was 298 mg (95% recovery yield). The presence of TFA in
the peptide after salt conversion was checked with elemental analysis and
negative ion ESI mass spectrometry. The content of fluorine was below the
detection limit of elemental analysis (0.1%), and a negligible amount of

trifluoroacetate anion was detected by negative ion ESI mass spectrometry.
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