THE SYNTHESIS OF SECRETIN AND THE
PREPARATION AND PURIFICATION OF GLUCAGON ANALOGS
FOR USE IN THE STUDY OF HORMONE-RECEPTOR INTERACTIONS

by
David.Erick Wright

A Dissertation Submitted to the Faculty of the
DEPARTMENT OF CHEMISTRY
In Partial Fulfillment of the Requirements
For the Degree of
DOCTOR OF PHILOSOPHY
In the Graduate College
THE UNIVERSITY OF ARIZONA

19

7 6

THE UNIVERSITY OF ARIZONA
GRADUATE COLLEGE

I hereby recommend that this dissertation prepared under my
direction by
entitled

David Erick Wright_________________
The Synthesis of Secretin and the Preparation and
Purification of Glucagon Analogs for Use in the
Study of Hormone-Receptor Interactions

be accepted as fulfilling the dissertation requirement of the
degree of

Doctor of Philosophy

Q '
Dissertation/Director

J

______
Date

After inspection of the final copy of the dissertation, the
following members of the Final Examination Committee concur in
its approval and recommend its acceptance:*

*A *6*
n /v
./~~
jc

This approval and acceptance is contingent on the candidate’s
adequate performance and defense of this dissertation at the
final oral examination. The inclusion of this sheet bound into
the library copy of the dissertation is evidence of satisfactory
performance at the final examination.

STATEMENT BY AUTHOR

This dissertation has been submitted in partial fulfillment
of requirements for an advanced degree at The University of Arizona
and is deposited in the University Library to be made available to
borrowers under rules of the Library.
Brief quotations from this dissertation are allowable without
special permission, provided that accurate acknowledgment of source
is made. Requests for permission for extended quotation from or re
production 'of this manuscript in whole or in part may be granted by
the head of the major department or the Dean of the Graduate College
when in his judgment the proposed use of the material is in the in
terests of scholarship.
In all other instances, however, permission
must be obtained from the author.

TO MY PARENTS

PREFACE

This work was supported in part by a grant from the National
Institutes of Health (NOI-AM-1-2125) and the United States Public
Health Service (AM 15504) . All optically active amino acids are the
L variety unless otherwise indicated.

The symbols for the amino acid

residues follow the tentative rules of the IUPAC-IUB Commission on
Biochemical Nomenclature.
The author thanks Dr. Nirankar S. Agarwal for the Boc-aspartic
acid

(3-phenacyl

ester and Dr. David K. Linn for the phenylketone resin.

He thanks Dr. Michael C . Lin of the National Institutes of Health
and Dr. Victor J . Hruby for some of the glucagon assays, and Dr. Jerry
D. Gardner for the secretin assays.

The author thanks Dr. Martin Rod-

bell of the National Institutes of Health for the opportunity to study
in his laboratory.

He appreciates the helpful discussions with col

leagues he has had in the laboratory.

He thanks the professors who

served on his research committee. Dr. Michael A. Cusanovich, Dr. John
A. Rupley, Dr. Cornelius Steelink and Dr. Gordon Tollin.
The author especially thanks Dr. Victor J. Hruby for his sup
port, encouragement and friendship during the author's graduate study.
Finally, the author thanks the members of his family for their
sacrifice, support and encouragement, which made the attainment of
higher education possible.

TABLE OF CONTENTS

Page

LIST OF ILLUSTRATIONS .

..............

vii

LIST OF T A B L E S ...............................................viii
ABSTRACT
1.

..........................

INTRODUCTION:

SECRETIN . ,

..........

Solution Syntheses of Secretin
2.

3.

ix

...........

1
.

STUDIES ON THE SYNTHESIS OF S E C R E T I N ......................

4
10

The Aspartic Acid-Glycine Rearrangement ................
Experimental Section ..................................
Solid Phase Synthesis of S e c r e t i n t ^ y ..............
Solution Synthesis of Secretini_4 Hydrazide ........
Synthesis of Secretini_2y by Azide Coupling ........
Synthesis of Secreting_2y : Isolation of
Synthetic Intermediates ..........................
Effect of Trifluoroacetic Acid Concentration and
Phenol on the Incorporation of the Last Three
Amino Acids into Secretin ....................
Synthesis of Secretin^_2y from Secreting_2y Using
Phenacyl Protection for Aspartic Acid ............
Synthesis of Secretin-^y from Secretin^.g? Using
Active Ester Coupling and t-Butyl Protection
............................
for Aspartic Acid .
Synthesis of Secretin^.gy from Secretin^.gy Using
Dicycohexylcarbodiimide Coupling and t-Butyl
Protection for Aspartic A c i d ....................
Isolation of Synthetic Intermediates in the
Synthesis of Secretin-^yy from Secreting_2y . . . .
D i s c u s s i o n ............................................

49
52

THE SOLID PHASE SYNTHESIS OF SECRETIN16_2y : A MAJOR
SECRETIN PEPTIDE FOR A FRAGMENT CONDENSATION SYNTHESIS
OF S E C RE TIN................................................

58

Experimental Section . . . . ..........................
Synthesis of Secretin-^^^y-OCHg/N^............
Study of Secretini6_27 Methyl Ester/AmideFormation .

59
60
64

v

12
15
19
25
31
33

39
42

44

46

vi

TABLE OF CONTENTS--Continued

Page

Synthesis of Secretinig^gy^OCHg/NHg.. ...............
Synthesis of S e c r e t i n ^ g ......... . . ..
.........
Discussion . . . . . . . . . . . . .
....................
4.

5.

INTRODUCTION:

GLUCAGON

. , ,

70
71
74

............................

78

, Hormone-Receptor I n t e r a c t i o n s ..........................
Structure-Function Relationships , .......... .

82
85

DERIVATIVES OF THE CARBOXYL TERMINAL REGION. OFGLUCAGON

...

94

Opening of Lactone R i n g ..........
97
Experimental Section , . .
...............................100
Preparation and Purification of Biologically
Testable Glucagon Derivatives ....................
100
Incorporation of Glycine into CNBr-Glucagon ........
106
Attempted Incorporation of Methionine, Asparagine
and Bromine into CNBr-Glucagon .......... . . . . .
109
Biological Studies of Glucagon Derivatives ..........
116
Discussion and Conclusion ..............................
118
6 . DES-HISTIDINE-GLUCAGON . . . . .

............................

132

Experimental Section . . . . . . . . .
..................
136
Preparation of Ne-Boc-Glucagon . . .
................ 136
Preparation of DH-Glucagon ..........................
138
Discussion................................................. 140
APPENDIX A:

LIST OF

ABBREVIATIONS........■............ .

APPENDIX B:

PUBLICATIONS OF AUTHOR RELATED TOTHIS WORK . . .

REFERENCES....................

.

143
150
163

LIST OF ILLUSTRATIONS

Figure

Page

1.

The Primary Structure of Secretin

2.

Activity of Secretin Fragments.............. ..............38

3.

The Primary Structure of G l u c a g o n ..................

4.

Preparation of CNBr-Glucagon and CNBr-Glucagon
D e r i v a t i v e s ............................ ................. 95

5.

Hepatic Adenylate Cyclase Activity of Glucagon
Versus CNBr-Glucagon ......................................

119

6 . - Hepatic Adenylate Cyclase Activity of Glucagon
Versus CNBr-Glucagon n-Butylamide
. . . . ................

120

7.

8.

9.

10.

11.

12.

........................

2

. . .

79

Hepatic Adenylate Cyclase Activity of Glucagon
Versus CNBr-Glucagon Hydrazide ............................

121

Hepatic Adenylate Cyclase Activity of Glucagon
Versus Glucagon^
......................

122

Binding of Glucagon and CNBr-Glucagon
to Hepatic Membranes ......................................

123

Binding of Glucagon and CNBr-Glucagon
........................
re-Butylamide to Hepatic Membranes

124

Binding of Glucagon and CNBr-Glucagon
Hydrazide to Hepatic Membranes ............................

125

Preparation of Des-Histidine-Glucagon..... .................

135

vii

LIST OF TABLES

Table

1.

2.

Page

Solid Phase Peptide Synthesis Methodology for Coupling
with Dicyc 1ohexy 1carbodiitiiide............
...»
Solid Phase Peptide Synthesis Methodology for Coupling
with Nitrophenyl Esters ................................

3.

Amino Acid Analysis of Secretin^

4.

Activity of Glucagon Derivatives Acting on
Liver Membranes
....................

viii

16

,1 7

Derivatives........... 69

88

ABSTRACT

Secretin peptides have been prepared by the solid phase pep
tide synthesis method.

The purified secretin fragments were found to

have biological activity identical to- those prepared by classical
solution methods.

Glucagon derivatives modified at the carboxytermi-

nal portion of the molecule also were prepared and purified.

The

derivatives were found to possess biological properties which give
insight to an understanding of glucagon's interaction with its recep
tor.
Secretin fragments 14-27, 9-27 and 5-27 were synthesized
using a benzhydrylamine resin as the solid support.

It was deter

mined that 30 minute hydrogen fluoride cleavage times will give a
fully active molecule; however, when the cleavage time was increased
to 60 minutes or longer, biological activity decreased 80%, although
the total yield of the peptide material increased.
Inaccessibility of the N-terminal amino acids in the secre
tin sequence 1-4 and side reaction prevented the completion of the
synthesis.

The t-butyl group on the side chain of aspartic acid,

residue 3, could not be cleaved on treating the peptide-resin for 15
hours with 50% trifluoroacetic acid prior to cleavage of the peptide

ix

from the resin using hydrogen fluoride.

The resulting rearranged

product was determined by amino acid analysis using enzymatic hydrol
ysis.

The use of phenacyl protection for aspartic acid also was ex

amined, but selective cleavage of this group with sodium thiophenoxide
resulted" in degradation of the peptide.
The secretin fragment 16-27 was prepared using a Merrifield
resin.

Ammonolytic cleavage conditions were studied, and it was found

that cleavage for three days gave primarily the peptide methyl ester.
When cleavage times were increased to 14 days a 50-50 mixture of the
peptide methyl ester and peptide amide was obtained.

Ammonylsis of

peptide material from the three-day cleavage in dimethylformamideethyleneglycol-triethylamine resulted in almost total conversion of
the methyl ester to the desired amide.
Reaction of native glucagon with cyanogen bromide resulted in
a derivative in which the last two carboxyl terminal amino acid
residues were cleaved from the molecule and methionine residue was
converted to homoserine lactone.

CNBr-glucagon was purified by parti

tion chromatography and was found to be a full agonist with about 2%
the hepatic adenylate cyclase activity as native glucagon and bound
to the receptor with about 2% the affinity of the native hormone.
Reaction of the lactone ring of CNBr-glucagon with n-butylamine or hydrazide gave derivatives which also were about 2% as
active as. the native hormone and had about 2% the affinity as native

xi

glucagon for the receptor.

Attempted incorporation of amino acid

and peptide derivatives into CNBr-glucagon could not be accomplished
by direct neucleophilic displacement reactions, but azide coupling
could be used with some success.
Carboxypeptidase A digestion of native glucagon was accom
plished, and using partition chromatography the glucagon^

fragment

could be isolated containing only about 1% contamination with gluca
gon fragments 1-22 through 1-26.

Glucagon^ ^

was found to be 0.5%

as active as the native hormone, indicating that residues 22-29 may
not be necessary for binding of the hormone to its receptor.
The preparation of des-histidine-glucagon was attempted by
selectively blocking the epsilon amino group, and then reacting the
protected peptide with Edman's reagent.

However, these reactions were

not found to go to completion, and the resulting side products made
it difficult to isolate the pure DH-glucagon.

CHAPTER 1

INTRODUCTION:

SECRETIN

In 1902 a factor which was able to stimulate the release of
sodium bicarbonate from the pancreas was isolated in crude form from
hog intestines by Bayliss and Starling (1902).

This stimulating factor

from the intestinal mucosa, which is carried to the pancreas by the
blood, was called secretin.

The messenger role of the chemical factor

was recognized and, to emphasize the new concept, the word hormone was
coined.

It was not until 60 years later that the pure peptide hormone

was isolated (Jorpes et al. 1962).

For this isolation the upper meter

of intestine (the duodenum) from 1,000 hogs was needed in order to ob
tain 1 mg of pure secretin.

The primary structure was elucidated by

Mutt and Jorpes (1967b) and was found to consist of a single chain of
27 amino acids with a molecular weight of 3056 (figure 1).

A review

has been written detailing the attempts at isolation and sequence de
termination of secretin (Jorpes and Mutt 1973).

Secretin is a basic

peptide hormone containing four arginine residues and a C-terminal
carboxamide group; the molecule also contains a high number (6) of
leucine residues.

The significance of secretin's basic properties may

be related to the binding of the hormone to the intestinal mucosa;
Secretin is not released from the duodenum until it is in an acidic en
vironment (M. Bodanszky 1973a). A comparison of secretin with glucagon
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The Primary Structure of Secretin

27

shows that there are 14 invariant and positionally identical amino
acids, and the relationship between glucagon and secretin with regards
to primary structure has been discussed by Weinstein (1968) .
The biological activity of secretin is as follows:

the pan

creas is stimulated to release bicarbonate (Mutt and.Jorpes 1967a),
gastrin activity is inhibited (Wormsley and Grossman 1964), the secre
tion of bilious juices as well as insulin is increased (Dupre et al.
1966), and the motor activity of the stomach and the duodenum is de
creased (Chey et al. 1969).

Secretin has been found to stimulate

adenylate cyclase activity in isolated fat cell ghosts (Rodbell,
Birnbaumer and Pohl 1970) and in membrane fractions of the pancreas
(Rutten, De Pont and Bonting 1972).
Several structural studies have been carried out on secretin.
The optical rotatory dispersion (ORD) and circular dichroism (CD)
spectra of natural and synthetic secretin were indistinguishable and in
dicated low helix content (A. Bodansky et al. 1969).

The spectra were

very similar to egg white lysozyme and secretin,. ^ .

A nuclear mag

netic spectrum of secretin and different secretin fragments suggested
the existence of a preferred conformation(s) for the entire hormone
in acidic aqueous solution, and the conformation(s) apparently was
stabilized by interaction between residues extending.over^ ^4 and those
over^g 27 (Patel, Bodanszky and Ondetti 1970),

In chloroethanol solu

tions, which induce helix formation, the C-terminal half of secretin
and the whole hormone were similar in the ORD spectrum, but the Nterminal portion showed little helix (Bodanszky, Ondetti and Bodanszky

1972).

Since in aqueous solution helix formation was not seen in the

C-.tezminal half of the inolecule, stabilization of the short helix
probably lies in subtle interactions.

The participation of ion pairs

between positive and negative charges in the molecule in stabilizing
the helix content of secretin,. ^

has been suggested by experiments

which show that replacement of carboxyl groups by carboxamide groups
caused a significant change in structure and loss of helix content as
determined by CD (Fink and Bodanszky 1976).

Analysis of the sequence

of secretin with empirical conformational parameters suggested a helical
stretch might be present in the C-terminal part of the chain but not
in the N-terminal half of the molecule.

A study of peptides with in

creasing length, corresponding to the sequence of 21-lysine secretin
(Bodanszky, Funk and Fink 1973), pointed to a helix near the C-terminal
stabilized through folding by residues in the N-terminal half of the
molecule (Bodanszky et al., in press).

Solution Syntheses of Secretin
Secretin was synthesized first in 1967 immediately following
determination of the primary structure; the synthesis also helped to
confirm the correct primary structure.

The tetradecapeptide, secre-

t i n ^ 2y> was made in a stepwise manner building from the C-terminal
valinamide (Bodanszky and Williams 1967).

Coupling was accomplished

)

through the use of para-nitrophenyl esters, and the alpha amino group
used benzyloxcarbonyl protection; deprotection of this group was by
hydrobromic acid and acetic acid.

From the dodecapeptide stage on, the

the t-butylojxycarbonyl group was used for amino protection so as to
avoid partial O-acetylation of the serine residue which would occur
during the removal of the benzyloxycarbonyl groups with hydrobromic
acid in acetic acid; removal of the f-butyloxycarbonyl group was by
trifluoroacetic acid.

Side chain protection was as follows;

aspartic

acid (O-benzyl), serine (benzyl), and arginine (nitro). All of the
protected intermediates were obtained in crystalline form, and the re
actions were carried out on a large scale. For the remainder of the
synthesis of secretin the t-buty1oxycarbony1 group was used for amino
protection, as described above, except for the last amino acid,
histidine, where the benzyloxycarbonyl group was employed; histidine
was incorporated by both azide coupling and active ester coupling.
Besides the side chain protection listed in the 14-27 sequence, benzyl
protection was used for glutamic acid and threonine was left unprotect
ed.

After the completely protected molecule had been synthesized, all

side chain protecting groups were removed by hydrogenation.
product was 30% as active as native secretin.

The crude

After countercurrent

distribution in a l-butanol-0.1 M phosphate buffer synthetic secretin
identical to native secretin in biological activity, chromatography and
enzymatic analysis was obtained (Bodanszky et al. 1967).
The next synthesis of secretin used the fragment-condensation
approach (Ondetti, Narayanan and associates 1968).

Secretin^ ^

was

made as described above, and the secretin fragments 9-13, 5-8 and 1-4
were synthesized separately.

Side chain protection for the smaller

fragments was essentially the same as used for the corresponding

amino acids in the first synthesis. All side chain protection on the
free amino (C-terminal) fragment was removed prior to addition of the
carboxyl (N-terminal) fragment, and the coupling was by the azide
method.

The crude hormone was purified in the same way as the first

synthesis, and the resulting synthetic secretin was fully active.

A

review of these two syntheses is given by Bodanszky (1973b).
Wtinsch, in a series of papers, describes a synthesis of secre
tin in which a series of di-or tripeptides were made using either the
anhydride or N-hydroxysuccinimide method for coupling, and the small
fragments were joined using dicyclohexylcarbodiimide to give the
whole molecule (Wiinsch, Wendlberger and Hogel 1971; Wiinsch, Wendlberger and Thamm 1971; Wunsch and Thamm 1971; Wiinsch, Wendlberger and
Spangenberg 1971; Wunsch et al. 1972).
groups included:

The side chain protecting

t-butyl for glutamic acid, aspartic acid, serine and

threonine; adamatyloxycarbonyl for histidine; and benzyloxycarbonyl
for arginine, which after incorporation of its fragment into the grow
ing peptide chain was deprotected by hydrobromic acid in acetic acid
leaving the guanidine group protected by protonation as the hydrobromide salt. After completion of the synthesis all protecting groups
were removed by treatment with trifluoroacetic acid.

Purification of

the crude secretin was by ion exchange chromatography using SP Sephadex
C-25 with a stepwise series (increasing pH and concentration) of am- .
monium bicarbonate buffers.
Wunsch (1972).

A review of this synthesis is presented by

Jager et al. (1974) synthesized secretin using the same

scheme as Wunsch except that couplings of amino acids, as well as

the fragment, condensations utilized dicyclohexylcarbodiimide/
1-hydroxybenzotriazole.
The latest synthesis of secretin was by the repetitive excess
mixed anhydride (REMA) method,(van Zon and Beyerman 1976).

In this

classical peptide synthesis procedure the mixed anhydride of the desired
amino acid was formed by reacting the protected amino acid with iso
butyl chi oro formate, and addition of the free amino fragment gave the
peptide in a stepwise manner.

Side chain protection was the same as

Bodanszky's original synthesis except that benzyl protection was employ
ed for threonine residues.

After deprotection of the molecule by hydro

genation and purification according to the procedures used by Wiinsch,
fully-active secretin (5%) was acquired.
A synthesis of secretin in which ornithine was substituted for
arginine is reported by Smithers (1969) .

The synthesis used active

ester couplings to form fragments, and the fragments were joined using
azide coupling or the mixed anhydride method.

The molecule was not

fully purified but still had some secretin-like activity.

It was hoped

that conversion of ornithine to arginine would give secretin, although
this conversion has not been reported yet.
Several synthetic intermediates have been studied for biolog
ical activity.

The lipolytic activity of a series of peptide fragments

from the first fragment condensation synthesis of secretin have been
measured (Rudman and Del Rio 1969).
ments :
active.

Of the following secretin frag

23-27, 14-27, 9-27, 5-27, 5-14, and 1-14, only secretin.. , was
1-14
However, when Butcher and Carlson (1970) studied lipolysis.

the following secretin fragments were inactive; . 1.-14, 15-27, 1-23, and
1-6.

Secretin,.

z-.zy

.and secretin

have been found to have a small but

measurable amount of biological activity in stimulating the pancreas
to excrete bicarbonate, while the following secretin fragments were
devoid of activity:

22-27, 15-27, 5-27, 1-6 and the N-terminal tetra-

peptide coupled to a C-terminal tetradecapeptide (Ondetti, Sheehan and
Bodanszky 1967).

In an immunoassay an antiserum was found to react

with equal strength to both secretin and secretin^_2y; while secre
tin, . „ was only half as active, and secretin,
possessed little
14-z/
1-14
immunological reactivity (Boden and Chey 1973).

Robberecht, Conlon

and Gardner (1976) have studied the adenylate cyclase activity of
several synthetic secretin fragments using dispersed pancreatic acinar
cells.

Only secretin and secretin^ ^

were found to be active, but

the full agonist secretin^_^ was only 0 .01% as active as the native
hormone, while secretin fragments 1-6, 5-27, and 14-27 were all in
active.

However, the carboxy terminal secretin fragments were able to

interact with the secretin receptor in acinar cells since they inhibit
ed secretin stimulated cellular cyclic-AMP.

Secretin^_2y bound to the

receptor about 0.2% as well as native secretin, but had a 50-fold
greater affinity for the receptor than secretin . 0 • secretin
14-z /

,

l-o

failed to inhibit secretin stimulated cyclic-AMP.
The objective of this investigation is to apply solid phase
peptide synthesis methodology to the synthesis of secretin.

Since iso

lation of native secretin is difficult with minuscule yields and only
in the most recent solution synthesis of secretin have reasonable

yields been obtained, the solid phase method should make for a more
facile synthesis of the molecule.

Synthetic intermediates produced

should prove useful for structure-function activity studies as well as
physical structural studies of the hormone.

Also a convenient syn

thesis of the molecule should lead to a better understanding of the
relationship between the structural features of the molecule and its
biological activity through the synthesis of analogs.

This is .partic

ularly important since the limited availability of native secretin
has greatly limited such studies.

CHAPTER 2

STUDIES ON THE SYNTHESIS OF SECRETIN

The first synthesis of a peptide derivative was accomplished
by Theodor Curtins (1882) with the preparation of benzoylglyclyglycine, and the first synthesis of a free peptide containing more than
two amino acids was reported by Fisher and Otto (1903) with the pre
paration of the tripeptide glyclyglyclyglycine.

It was not until 1953

that the first synthesis of a peptide hormone, oxytocin, was accom
plished (du Vigneaud et al. 1953).

Detailed reviews of the histori

cal development of peptide synthesis have been given by Fruton (1949) ,
Greenstein and Winitz (1961) and Bodanszky and Ondetti (1966).
The solid phase peptide synthesis procedure was developed
first by Merrifield (1963).

Using this synthetic method reactions

can be carried out on a peptide chain which is covalently bound to a
solid support.

After each step all excess reagents and solvent sol

uble by-products are easily removed by washing the resin with the
desired solvent, leaving the peptide chain intact.

The time-consuming

processes of isolation and purification of intermediate products are
circumvented, whereas, in a solution peptide synthesis these processes
must be done.

Details of the solid phase method can be found in re

views by Stewart and Young (1969) and Meienhofer (1973); a critique
of the method is given by Wiinsch (1971) .

10

11
Since secretin possesses a carboxyl terminal amide group, for
a solid phase synthesis of the molecule either an ester linkage to the
solid support with ammonolytic cleavage (Bodanszky and Sheehan 1964)
could be used to give the C-terminal amide (as discussed in Chapter 3),
or a benzhydrylamine solid support (which on liquid hydrogen fluoride
cleavage gives the desired amide) could be used (Pietta and Marshall
1970).

The benzhydrylamine resin has been used to synthesize a number

of peptides (Hruby et al. 1973 and Pietta et al. 1973).

Chloromethylated Resin

Polymer

Benzhydrylamine Resin
The only report of a fragment of secretin synthesized by the
solid phase method is by Hemmasi and Bayer (1974).
ide

The hexapeptide am

and nonapeptide amide were prepared using the benzhydrylamine

resin; however, the syntheses were undertaken in order to study glu
tamine coupling using the carbodiimide method.

The Aspartic Acid-Glycine Rearrangement
During the first synthesis of secretin, Bodanszky et al, (1967)
found that after an attempted purification by countercurrent distribu
tion in a 1-butanol-pyridine^acetic acid-.water system (4;2 ;1:7), the
purified secretin had the same potency as the crude material.

When,

however, the crude hormone was purified by countercurrent distribution
in a 1-butanol-0 .1 M phosphate buffer system (1 :1), fully active secre
tin was obtained.

On acid hydrolysis both recovered secretin frac

tions had identical amino acid analysis values, but after enzymatic
cleavages it was determined that the aspartic acid residue in position
3 was rearranging to form a succinimide derivative with glycine in
position 4.

To examine this rearrangement further Ondetti, Deer and

associates (1968) synthesized the hexapeptide secretin^ ^ by classical
solution procedures in which peptides containing both the a-aspartyl
and 3-aspartyl linkages were made.

When the synthesis of both pep

tides were attempted by the solid phase method, on cleavage with
hydrogen fluoride, only the succinimide derivative was found.

Depro

tection of the peptide with hydrogen bromide in triflouroacetic acid
also led to the same side reaction.

However, when the 3-carboxyl group

of the aspartyl residue was in its free unesterified form no cyclization took place either under acidic or alkaline conditions.

Presum

ably, this is because the alkoxy group is a better leaving group than
the hydroxyl, and, therefore, it is more easily displaced in the nucleophilic attack of the glycine amide nitrogen.

The resulting imide is

13

subjected to nucleophilic attack at either carbonyl with formation of
a mixture of both the a- and g-aspartyl peptides, with a predominance
of the latter.

0
+

OH
II

0
II

-HC-C-NH-CH ?

-HC-C-N-CH

II
0

II
0

Acidic Conditions

2

0

Basic Conditions

The aspartic acid-serine sequence (residues 14 and 15) in se
cretin also has the potential to rearrange, but no evidence of rearrange
ment involving these two residues was found in the aspartic acidglycine rearranged secretin.
Yang and Merrifield (1976) did a general study on cyclic imide
formation and found that for appreciable aspartimide formation to occur
both the amino group and the terminal carboxyl group of the Asp-Xsequence must be blocked.

In order to avoid this rearrangement if a

peptide is to be cleaved from a resin using hydrogen fluoride, Yang and
Merrifield (1976) proposed the use of the phenacyl protecting group for
aspartic acid.

This group can be cleaved while the peptide is still on

the resin with sodium thiophenoxide, and then hydrogen fluoride can be
used safely with minimal rearrangement taking place.

Alternatively,

Wang et al. (1973) found that by using the t-butyl protecting group for

14

p-carboxyl of aspartic acid in combination with the extremely acid la
bile biphenylisopropyloxycarbonyl (Bpoc) group for alpha amino protec
tion and a trifluoroacetic acid labile p-alkoxybenzy1 ester anchoring
bond to the solid support, an unrearranged fragment of bovine pitui
tary growth hormone was obtained.

In this respect Kenner and Seely

(1972) showed that Asp-(OBu*)-Gly did not cyclize in trifluoroacetic
acid.
In the solution synthesis of secretin the Asp-Gly rearrange
ment was easily avoided by using benzyl protection for aspartic acid
and deprotection by hydrogenation or by using t-butyl protection and
cleaving the protecting group with anhydrous trifluoroacetic acid.
Neither of these methods gave any appreciable imide formation. However,
in a solid phase approach the use of hydrogenation prior to hydrogen
fluoride cleavage is not feasible, and so a labile protecting group
must be used which can be cleaved before the peptide is cleaved from
the resin using liquid hydrogen fluoride.

In this respect, the

phenacyl and t-butyl protecting groups were applied to the solid phase
synthesis of secretin.

Also investigated was azide coupling utilizing

the solid phase synthesized secretin fragments 5-27 with the solution
synthesized fragment 1-4.
The recent biological studies of Robberecht et al. (1976) on
solution synthesized fragments of secretin enabled a comparison to be
made with those synthesized by the solid phase method.

Thus a study

of reaction and cleavage conditions could be made to determine the
best procedure to obtain fully-active peptides.
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Experimental Section
The level of the initial amino acid substituted on the resin
was determined by the modified (Ehler 1972) aldimine test (Esko, Karlsson and Porath 1968).

The synthetic steps used in the preparation of

peptides by the solid phase method are outlined in Tables 1 and 2.
Table 1 gives the sequence which is followed for coupling amino acids
using dicyclohexylcarbodiimide.

For glutamine, which contains a side

chain carboxamide group, dicyclohexylcarbodiimide coupling can not be
employed since the carboxamide groups have been shown to dehydrate to
form nitriles while being incorporated into the peptide by dicyclo
hexylcarbodiimide (Katsoyannis et al. 1958; Ressler and Ratekin 1961).
To avoid this undesirable side reaction, this amino acid was coupled
as its Boc-amino acid p-nitrophenyl ester by following the synthetic
steps given in Table 2.

Completion of coupling was determined by the

amount of free amino group present by the method of Kaiser et al.
(1970) .
Thin layer chromatography (tic) was done on silica gel G plates
using the following solvent systems:

(I) 1-butanol-acetic acid-water

(4:1:5); (II) 1-butanol-acetic acid-water-pyridine (15:3:12:10); (III)
1-butanol-acetic acid-water (10:30:25); (IV) 1-butanol-acetic acidwater (2:1:1); (V) pyridine-acetic acid-water (50:30:15); (VI) isopentenol-pyridine-water (35:35:30).

The solvent systems used for parti

tion chromatography were (A) 1-butanol— ethanol-benzene-0.2 N ammonium
hydroxide (5:2:1:8), pH 9.4 and (B) l-butanol-ethanol-benzene-0.2 N ace
tic acid (12:3:2:17), pH 4.4.

After partition chromatography the peptide

16

Table 1.

Solid Phase Peptide Synthesis Methodology for Coupling with
Dicyclohexylcarbodiimide.

Step

Purpose

Solvent or Reagent

1

Wash

2

Time
Cmin)

Repetitions

ch2ci2

1

.4

Assay

Ninhydrin Test

-

1

3

Deprotect

TFA-CH Cl -Anisole

*

1

4

Wash

1

3

5

Neutralize

DIEA-CH2CI2 (10:90)

2

2

6

Wash

ch2ci2

1

4

7

Couple

Amino acid .

-

1

*

1

CH2CI2

CH2C12
8

Couple

DCC
CH2C12

9

Wash

ch2ci2

1

2

10

Wash

100% Eton

1

2

11

Wash

1

3

12

Couple

Amino acid
ch2ci2

-

1

13

Couple

DCC
ch2ci2

*

1

14

Wash

ch2ci2

1

2

15

Wash

100% Eton

1

2

CH2C12 ■

*Time given in Experimental Section

17

Table 2.

Solid Phase Peptide Synthesis Methodology for Coupling with
Nitrophenyl Esters.

Step

Purpose

1

Wash

2

Assay

3

Deprotect

4

Wash

5

Neutralize

6

Solvent or Reagent

Time
(min)

Repetitions

1

4

Ninhydrin Test

-

1

TFA-CH2Cl2-Anisole

*

1

1

3

DIEA-CH2C12 (10:90)

2

2

Wash

ch2ci2 *

1

4

7

Wash

DMF

1

5

8

Couple

Amino acid (4 equiv.)
1-hydroxybenzotriazole
(4 equiv.)-DMF

*

1

9

Wash

DMF

1

3

10

Wash

1

2

11

Wash

100% EtOH

1

2

12

Wash

DIEA-CH Cl
(10:90)2

2

2

13

Wash

DMF

1

3

14

Wash

1

3

15

Wash

1

2

CH2C12

CH2C12

CH2 C12

CH2C12
100% EtOH

tTime given in Experimental, Section
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peaks were determined by the method of Lowry et al. (1951), and after
gel filtration determination was by absorbance at 246 nm.

In the ion

exchange chromatography experiments the peptide peaks were determined
by absorbance at 220 nm.

Acid hydrolysis for amino acid analysis of

all samples followed the procedure of Spackman, Stein and Moore (1958)
in which samples were hydrolized in 6 AZ HC1 at 110° for 22 hours in
sealed, evacuated ampoules; analysis was done on a Beckman 120 C
amino acid analyzer.

No corrections were made for hydrolytic destruc

tion of susceptible amino acids.

When not all of the oxygen is removed

from the sample, the following is expected:

histidine, 0.95/residue;

threonine, 0.80/residue; serine, 0.80/residue.
were done using the following procedure.

Enzymatic hydrolyses

The peptide was dissolved in

0.5 ml water and 0.5 ml 2% ammonium bicarbonate was added.

To the dis

solved peptide was added 0.02 ml trypsin solution (2mg/ml in 0.05 M
Tris-Cl, pH 7.6) and the mixture was incubated at room temperature.
After two hours and four hours incubation time 0.02 ml trypsin solution
was added each time, and after a total of six hours the solution was
lyophilized.

The residue was dissolved in 1.0 ml water, heated for six

minutes in boiling water to inactivate the enzyme, and lyophilized.
Leucine amino peptidase (0.25 mg) was placed in 1.0 ml 0.025 M MgCL^,
pH 8,5,

The solution was incubated for three hours at 40°, and 0.6 ml

of this activated enzyme solution was added to the trypsin treated
peptide, which had been dissolved in 0.4 ml 0.025 M Tris-Cl-0.005 M
MgC^, pH 8.5.

The digestion was carried out for 24 hours at 40°.

The mixture was heated in a boiling water bath for two minutes to
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inactivate the enzyme and then was lyophilized.

Capillary melting

points were determined on a Thomas Hoover melting point apparatus and
are uncorrected.

All temperatures are in degrees centigrade (°C).

Nuclear magnetic resonance (NMR) spectra were obtained using a Varian
T-60 NMR spectrometer and TMS as an internal reference.

Solid Phase Synthesis
of Secretin,. ^
The benzhydrylamine resin was prepared according to the method
of Hruby et al. (1973).

The "polystyrene resin was acylated with

benzoylchloride by a Friedel-Crafts acylation reaction and the result
ing phenylketone resin was subjected to a Leuckart reaction to give the
primary amino group.

The free amino group was reacted with the first

amino acid (valine) by dicyclohexylcarbodiimide coupling and all free
amino groups on the resin were reacted before the synthesis was allowed
to proceed.

The protecting groups used in the synthesis were benzyl

for threonine, serine, aspartic acid, glutamic acid; tosyl for arginine;
and the alpha amino function utilized the t-butyloxycarboxyl (Boc) group.
The Boc group was cleaved by using a trifluoroacetic acid
(25%)-methylenechloride (73%)-anisole (2%) mixture for 2 minutes:20 min
utes.

In the active ester couplings of glutamine 1-hydroxybenzotri-

azole was added as a catalyst (Konig and Geiger 1970) and the coupling
went overnight.

A three-fold excess (total) of amino acid and a four

fold excess of DCC (total) was used in the two couplings (Table 1, 30
minute coupling times were employed) except for active ester couplings
(Table 2), in which a single four-fold excess was employed.
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An attempted synthesis of secretin^

with a resin substitution of

0.32 nunole/g resin, ran into difficulties with incomplete couplings,
so it was determined that for a synthesis of a molecule of the size
desired, a substitution value < 0.20 mmole/g resin would be required.
A study also was done on the amount of peptide cleaved from the resin
as hydrogen fluoride cleavage time was increased.

As the cleavage time

is increased, side reactions with glutamic acid involving anisole occur
(Sano and Kawanishi 1974; R. S. Feinberg and R. B . Merrifield 1975);
for 30 minute cleavage time at 0° the amount anisyl-Glu is 1%, for 60
minutes 5%, and 120 minutes 11%.

As the temperature is increased more

anisylated product is obtained.

Preparation of Boc-Valine Benzhydry1amine Resin.

In a three-

neck, round-bottom flask was placed 184 ml formic acid (88%) and 220 ml
ammonium hydroxide.

Part of the solution ( n, 200 ml) was evaporated,

and the polystyrene-co-l%-divinylbenzene phenylketone resin (5.4 g)
was added to the ammonium formate solution at 140°.

The mixture was

stirred vigorously with a mechanical stirrer for 36 hours at 150-160°
after which time the mixture was allowed to cool to room temperature.
The resin was filtered, washed successively with water, dioxane-water
(1:3), methanol and methylenechloride, and dried in vacuo overnight.
The cream-colored resin was placed in 80 ml of a mixture of concentrated
hydrochloric acid-propionic acid (1;!)and was refluxed for 5 hours,
after which time the mixture was cooled to room temperature and washed
with large quantities of water.

The resin was neutralized by washing

several times with 10% sodium carbonate (aqueous) and then was washed

21

successively with water, dioxane-water (1:3), methanol and methylenechloride.

The resin was stirred for three hours in a 10% diisopropyl-

ethylamine solution (methylenechloride) and then was filtered and washed
as before; the resin was dried in vacuo overnight.

Infrared (KBr):

3400 (weak, NH^), 3075 (aromatic), 1655 (unreacted ketone), 1600 (aro
matic) , 1655 (unreacted ketone), 1600 (aromatic).

Boc-valine was at

tached to the resin, as outlined in Table 1; the resin substitution
was determined to be 0.18 mmole/g resin.

Synthesis of Thr(Bzl) -Phe-Thr(Bzl) -Ser(Bzl) -Glu(Bzl) -Leu-Ser (Bz'l) Arg(Tos)-Leu-Arg(Tos)-Asp(Bzl)-Ser(Bzl)-Ala-Arg(Tos)-Leu-Gln-Arg(Tos)Leu-Leu-Gln-Gly-Leu-Val-NH-Resin.

The solid phase synthesis of title

compound was performed on a semi-automated peptide synthesizer designed
and built in our laboratory.

The preparation was done on a 0.90 mmole

scale (5.0 g Boc-Val-benzhydrylamine resin).

All couplings went to

completion, as determined by ninhydrin test, and after the last coup
ling the N-terminal Boc group was removed (Table 1, Steps 1-6).

The

peptide resin was filtered, washed with methylenechloride and dried

in vacuo.

The increase in weight of the resin was 3.0 g (91%).

Hydrogen Fluoride Cleavage of Secretin^
30 Minutes.

from the Resin for

Secretin,, ^-resin (0.5 g, 0.056 mmole) was placed in a

teflon reaction vessel along with 2 ml anisole.

Liquid hydrogen

fluoride, which was dried with cobalt trifluoride, was distilled into
the reaction vessel which was in a dry ice-acetone bath.

After 20 ml

had. been collected in the reaction vessel, the vessel was placed in

an ice-water bath and the contents were stirred for 30 minutes at 0°.
The hydrogen fluoride was removed in, vacuo and to the dried peptideresin was added- 30% acetic acid.

The mixture was stirred for 30 min

utes , after which-time the resin was filtered and the filtrate was
extracted four times with ether.

The solution was lyophilized, and the

lyophilized powder was gel filtered on a column (1.1 x 98 cm) of Sephadex G-15 using 30% acetic acid as the elution solvent. After the pep
tide peak was lyophilized, 35 mg white powder was obtained.
analysis gave the following molar ratios:

Amino acid

ammonia, 3.70 (3); arginine,

4.01 (4); aspartic acid, 1.03 (1); threonine, 1.52 (2); serine, 2.45
(3); glutamic acid, 3.34 (3); glycine, 0.99 (1); alanine, 0.98 (1);
valine, 1.13 (1); leucine, 6.46 (6); phenylalanine, 0.79 (1).

Hydrogen Fluoride Cleavage of Secretin^
60 Minutes.

from the Resin for

Secretin,, 2y-resin (0.5 g, 0.056 mmole) was cleaved for

60 minutes at 0° in the presence of 20 ml hydrogen fluoride and 2 ml
anisole, as described above.

After gel filtration and lyophilization,

as before, 60 mg (41%) white powder was obtained.
gave the following molar ratios:

Amino acid analysis

ammonia, 3.60 (3); arginine, 3.66 (4)

aspartic acid, 1.02 (1); threonine, 1.52 (2); serine, 2.53 (3); glu
tamic acid, 3.47 (3); glycine, 1.09 (1); alanine, 1.05 (1); valine,
1.08 (1); leucine, 6.44 (6); phenylalanine, 0.80 (1).

A leucine amino

peptidase hydrolysis gave the following molar ratios on amino acid
analysis;

arginine, 4.01 (4); aspartic acid, 0.80 (1); threonine, 1.80

(2); glutamic acid, 0.85 (1); glycine, 1.14 (1); alanine, 0.90 (1);
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valine, 1.14 (1); leucine, 7.00 (6); phenylalanine, 0.87 (1).

Thin

layer chromatography in systems I, III and V gave single spots R^=0.37,
0.86 and 0.91, respectively.

Hydrogen Fluoride Cleavage ,of Secretin
------------------------------------90 Minutes.

from the Resin for

b- Z/-----------------------

Secretin^ ^-resijx (0.5 g, 0.056 mmole) was cleaved for

90 minutes at 0° in the presence of 20 ml hydrogen fluoride and 2 ml
anisole in the same manner as described for the 30 minute cleavage.
After gel filtration and lyophilization, as before, 78 mg (53%) white
powder was obtained.
ratios:

Amino acid analysis gave the following molar

Ammonia, 3.32 (3); arginine, 3.95 (4); aspartic acid, 1.02

(1); threonine, 1.42 (2); serine, 2.58 (3); glutamic acid, 3.30 (3);
glycine, 1.16 (1); alanine, 1.05(1); valine, 1.11 (1); leucine, 5.99
(6); phenylalanine, 0.66 (1).

Purification of Secretin,.
----------------------- b-Z/

Secretin.,
from the 60 minute
b-z /

cleavage was purified by partition chromatography using both solvent
systems A and B , which were found suitable for partition chromatography
of secretin (Hruby and Groginsky 1971).

The peptide (27 ml) was dis

solved in 1 ml 30% acetic acid and 2 ml upper phase and was applied to
a Sephadex G-25 (block polymerizate, 100-200 mesh) column (2.2 x 59 cm)
previously equilibrated with lower and upper phases of solvent system
A.

Analysis of the Folin-Lowry method showed a major peak at R^=0.77

and minor peaks at R ^ O .38 and R^ < 0.17.

Each of the three peaks was

gel filtered on a column of Sephadex G-15 (0.8 x 46 cm), and after
lyophilization, 20 mg, 1.5 mg, and 0.7 mg, respectively, of white
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powder was obtained.

Amino acid analysis gave the following molar

ratios for the major peak:

ammonia, 3.16 (3); arginine, 3.95 (4);

aspartic acid, 0.99 (1); threonine, 1.64 (2);■serine, 2.13 (3); glutam
ic acid, 3.27 (3); glycine, 1.13 (1); alanine, 1.06 (1); valine, 1.11
(1); leucine, 5.88 (6); phenylalanine, 0.95 (1).
gave the following molar ratios:

The first minor peak

ammonia, 3.02 (3); arginine, 3.84

(4); aspartic acid, 0.90 (1); threonine, 1.27 (2); serine, 1.86 (3);
glutamic acid, 2.96 (3); glycine, 1.03 (1); alanine, 0.92 (1); valine,
1.07 (1); leucine, 4.73 (6); phenylalanine, 0.46 (1).
minor peak gave the following molar ratios:

The latter

ammonia, 4.37 (3);

arginine, 4.06 (4); aspartic acid, 1.07 (1); threonine, 1.50 (2);
serine, 2.13 (3); glutamic acid, 3.04 (3); glycine, 0.99 (1); alanine,
0.99 (1); valine, 1.08 (1); leucine, 4.12 (6); phenylalanine, 0.39 (1).
The peptide material (10 mg) from the major peak of the initial
partition chromatography was dissolved in 2 ml 30% acetic acid and 2 ml
upper phase and was applied to the same Sephadex G-25 column previously
equilibrated with lower and upper phases of solvent system B . Analysis
by the Folin-Lowry method showed one major peak (R_^=0.69) with a
shoulder (R_^=0.41).

Gel filtration, as before, yielded on lyophillza”

tion 3.5 mg and 1.5 mg peptide material for the respective peaks.
Amino acid analysis of the major peak gave the following molar ratios:
ammonia, 2.96 (3); arginine, 3.85 (4); aspartic acid, 1.00 (1); threo
nine, 1.56 (2); serine, 2.20 (3); glutamic acid, 3.13 (3); glycine, 1.05
(1); alanine, 1.02 (1); valine, 1.00 (1); leucine, 6.03 (6); phenylala
nine, 0.96 (1).

The shoulder gave the following molar ratios:

„
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ammonia, 3.22 (3); arginine, 3.75 (4); aspartic acid, 0.96 (1); threo
nine, 1.56 (2); serine, 1.95 (3); glutamic acid, 3.03 (3); glycine,
1.03 (1); alanine, 0.95 (1); valine, 1.08 (1); leucine, 5.53 (6);
phenylalanine, 0.75 (1).

Activity of Secretin^

The activity studies were performed

by Dr. Jerry D. Gardner at the National Institutes of Health using the
pancreatic acinar cell cyclic-AMP assay.

Previously, secretin frag

ments from the classical synthesis of secretin had been tested, as
discussed in Chapter 1.
phase secretin^ ^

Activity is meant by the ability of solid

to displace native secretin as compared with classi

cally synthesized secretin^^y •

Crude secretin^_2y was 20% active as

was the major peak from the first partition chromatography• the last
minor peak was inactive.

The major peak from the second partition

chromatography was fully active (comparable data is shown later on in
the Experimental Section) .

The overall yield of pure secretin,.

based on resin substitution, was 11%.

Solution. Synthesis of
Secrbtin^ ^Hydrazide
The synthesis of secretin^ ^ hydrazide followed the procedure
of Ondetti, Narayanan and associates (1968) except benzyl protection,
instead of t-butyl, was used for aspartic acid and histidine was coupled
as the bis-Boc derivative. Also N-hydroxysuccinimide (ONSu) esters
were used in place of p-nitrophenyl esters.
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Synthesis of Dibenzylcarbonate.

Dibenzylcarbonate was prepared

according to the method of Staab and Mannschreck (1962).

In 20 ml

tetrahydrofuran (distilled from lithium aluminum hydride) was dissolved
10 g (61.8 mmole)

N-N^carbonyldiimidazole,

Benzylalcohol .(12 g, 128

mmole) was added to 80 ml tetrahydrofuran (anhydrous), and this solution
was added to the N-N^carbonyldiimidazole solution.

Sodium (0.13 g , 5.7

mmole) was added and the solution was stirred overnight at room temper
ature.

The solvent was removed by rotary evaporation ■in vacuo to give

an oil and the oil was placed in the ice box overnight. The resulting
crystals were filtered, washed with water until the filtrate was clear,
and dried in vacuo to give 12.1 (81%) white powder
29.5°).

(lit. 87%, mp 29-

No melting point could be taken due to the temperature (sum

mer) in the laboratory; NMR (CDCl^):

6 5.2 (s, 2H), 7.4 (s, 5H).

Synthesis of Carbobenzoxyhydrazide. The simplified procedure
of

McCord et al. (1958) was followed; no yield was given.

Dibenzyl-

carbonate (12.0 g, 49.5 mmole) was dissolved in 5 ml hydrazine (97%),
and the solution was heated to 105° for four hours; the excess
hydrazine was removed while still heating at 105° in vacuo (1 mm).
The crude, brown-colored product was recrystalized from ether to give
2.4 g (29%) clear, needle-like crystals, mp 65-67° (lit. 67-68°); NMR
(CDC13);

6 3.7 (s, 2H), 5.2 (s, 2H), 6.3 (s, 1H), 7.4 (s, 5H).

Synthesis of Glycine Benzoxycarbonylhydrazide Trifluofbacetate.
The title compound was prepared by the method of Ondetti, Narayanan and
associates (1968) .

To an ice-cold stirred solution of
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benzylojcycarbonylhydrazide (1.6 g, 9.6 mmole) and Boc-glycine (1.69 g,
9.6 mmole) in methylenechloride (25 ml) was added dicyclohexylcarbodiimide(2.01 g, 9.6 mmole), and the reaction was stirred for 15 min
utes in an ice-bath and placed in the refrigerator overnight.

Next it

was stirred at room temperature for four hours and filtered to remove
the dicyclohexylurea.

The filtrate was concentrated by rotary evapora

tion in vacuo and the oil was dissolved in 150 ml ethyl acetate.

The

solution was washed with 20% citric acid, water, saturated sodium bi
carbonate and water.

The organic phase was dried over anhydrous mag

nesium sulfate, and after the magnesium sulfate was filtered off, the
filtrate was concentrated in vacuo.

The oil was dissolved in 8 ml

ice-cold trifluoroacetic acid and the solution was kept at room temper
ature for 15 minutes, after which time the solution was dried in vacuo.
Crystallization from ether-hexane (1:20) gave 2.6 g (80%) of the title
compound, mp 167-168° (lit. 90%, mp 174-175°); NMR (DMSO-d^):

6 2.6

(s, 2H), 3.7 (s, 2H), 5.1 (s, 2H), 7.4 (s, 5H).

Synthesis of Boc-Asp-(OBzl)-Gly-NHNH(Cbz).

Glycine benzyl-

oxycarbonylhydrazide trifluoroacetate (2.5 g, 7.36 mmole) was dissolved
in 13 ml dimethylformamide and the solution was placed in an ice-water
bath.

Triethylamine (1.03 ml, 7.36 mmole) was added, followed by 3.0 g

(7.15 mmole) Boc-Asp(OBzl)-ONSu, and the mixture was stirred at room
temperature for 24 hours after which time it was diluted with 150 ml
ethyl'acetate and washed with 20% citric acid and water'.

The organic

layer was dried with anhydrous magnesium sulfate, and after the
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magnesium sulfate was filtered off, the filtrate was concentrated byrotary evaporation in vacuo.

The residue was lyophilized from benzene

and 3.6 g (92%) white powder was obtained.

Thin layer chromatography,

using solvent systems II, IV and VI, gave one spot R_^=0.55, 0.32 and
0.32, respectively.

Synthesis of Boc-Ser(Bzl)-Asp (OBzl)-Gly-NHNH(Cbz) .

Protected

secretin^_^ hydrazide (3.3 g, 6.05 mmole) was dissolved in 16 ml icecold TFA and the solution was kept at room temperature for one hour.
The trifluoroacetic acid was removed in vacuo and the residue was
triturated under ether.
ether and dried in vacuo.

The resulting solid was filtered, washed with
The peptide salt was dissolved in ice-cold

dimethylformamide and was neutralized (as determined by wetted indi
cator paper) with triethylamine.

To the neutralized solution was added

3.5 g (9 mmole) Boc-Ser(Bzl)-ONSu, and the mixture was stirred for two
days, after which time it was diluted with ethyl acetate (175 ml) and
extracted with 20% citric acid and water.

The work-up was the same as

for the previous dipeptide, and after lyophilization from benzene,
3.3 g (74%) white powder was obtained.
following molar ratios:

Amino acid analysis gave the

aspartic acid, 0.99 (1); serine, 1.08 (1);

glycine, 0.92 (1).

Synthesis of Boc-His(Bbc)-ONSu.

The preparation of Boc-

histidine (Boc) followed the procedure of Li, Yamashiro and Lemaire
(1975), except that the compound was left as the free acid and not the
dicyclohexylamine salt.

Histidine (6.6 g, 42.5 mmole) was suspended in
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250 ml dimethylsulfoxide and 30 ml triethylamine (214 mmole) and 30 ml
t-butylazidoformate was added.

The mixture was stirred for 54 hours

after which time the solution became clear.
performed at 4°.

The following work-up was

After adding 900 ml water the solution was extracted

with two 200 ml portions of ether, and the pH of the aqueous phase was
lowered to 2.5 with 2 N HC1. Next it was extracted with two 220 ml

'

portions of ethyl acetate, and then the ethyl acetate layer was washed
with water and saturated sodium chloride solution.

The washed ethyl'

acetate solution was dried over anhydrous magnesium sulfate at room
temperature, and after the magnesium sulfate was filtered off, the
filtrate was concentrated by rotary evaporation in vacuo to give 10.5 g
(70%) of the glassy title compound.

NMR (CDCl^):

6 1.5 (s„ 9H), 1.6

(s, 9H), 3.2 (d, 2H), 4.5 (s, 1H), 5.5 (s, 1H), 7.2 (s, 1H), 8.1(s,
1H), 12.5 (s, 1H).
The active ester was prepared according to the general proce
dure for the formation of N-hydroxysuccinimide derivatives (Anderson,
Zimmerman and Callahan 1964).

Boc-histidine (Boc) (2.0 g, 5.63 mmole)

was dissolved in 15 ml dimethylformamide (anhydrous), and the solution
was placed in an ice-bath.

To the solution was added 0.67 g (5.8

mmole) N-hydroxysuccinimide and 1.2 g (5.7 mmole) dicyclohexylcarbodiimide.

The reaction mixture was stirred at 2° overnight and then at

room temperature for a day.

The dicyclohexylurea was filtered off and

the solution was concentrated by rotary evaporation in vacuo.

The

resulting oil was dissolved in-methylene chloride and more dicyclo
hexylurea was filtered off.

This step was repeated several times until
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all the dicyclohexylurea was removed from the derivative.

Finally,

the oil was dissolved in ethyl acetate and a glass, 1.8 g (69%), was
obtained.

NMR (CDC1 ) :

6' 1.5 (s, 9H) , 1.6 (s, 9H) , 2.8 (s, 4H) , 3.2

(d, 2H), 4.5 (s, 1H), 5.5 (s, 1H), 7.2 (s, 1H), 8.1 (s, 1H), no
carboxyl protons.

Synthesis o f 'Bbc-His-Ser-Asp-Gly-NHNH^,.

To 0.5 g (0.708 mmole)

protected secretin^ ^ was added 2 ml ice-cold trifluoroacetic acid.
The solution was stirred for one hour at room temperature after which
time the trifluoroacetic acid was removed -in vacuo, and the resulting
oil was triturated over ether.

The solid was dried in vacuo and then

was dissolved in 3 ml dimethylformamide.

Neutralization with triethyl-

amine was the same as before, and 0.66 g (1.42 mmole) Boc-His(Boc)-ONSu
was added along with 0.19 g (1.42 mmole) 1-hydroxybenzotriazole. The
mixture was stirred for two days at room temperature after which time
the solution was dried in vacuo.

The resulting oil was dissolved in

30 ml methanol and 30 ml of an acetic acid-water (1:1) mixture was.
added.

The solution was hydrogenated, using 5% palladium on charcoal

(125 mg), for 24 hours.

The catalyst was filtered off and the filtrate

was concentrated by rotary evaporation in vacuo.

A white precipitate

was obtained on addition of ethyl acetate, however, on standing the
compound converted back an oil.

A portion of the oil was gel filtered

on a column (2.0 x 24 cm) of Sephadex G-15 using 30% acetic acid.
After lyophilization of the peptide peak, 39 mg white powder was obtain
ed.

Amino acid analysis gave the following molar ratios:

histidine,

0.65 (1); aspartic acid, 1.07 (1); serine, 0.95 (1); glycine, 1.00 (1).
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Synthesis of Secretin^ ^
by Azide Coupling
Since Ondetti, Narayanan and associates (1968) found that fully
active secretin could be obtained by coupling an unprotected secretin^_2y fragment with a partially protected secretin^ ^ by azide cou
pling; this same procedure was tried using the crude secretin,. ^
prepared by solid phase and the classically synthesized secretin^
This synthesis took place prior to the activity studies done on secretin5-27'
Synthesis of His-Ser-Asp-Gly-Thr-Phe-Thr-Ser-Glu-Leu-Ser-ArgLeu-Arg-Asp-Ser-Ala-Arg-Leu-Gln-Arg-Leu-Leu-Gln-Gly-Leu-Val-NH^. The
azide coupling procedure followed the general method of Wang and
Kulesha (1975).

Secretin^ ^ (39 mg, 0.062 mmole) was dissolved in 2 ml

of dimethylformamide and the temperature was lowered to -20°.

To the

cooled solution was added 0.06 ml (0.240 mmole) 4 27 HC1/THF followed
by 0.010 ml (0.094 mmole) 1-butylnitrite.

The mixture was stirred for

30 minutes at -20°, after which time the temperature was lowered to -40°
and 0.040 ml (0.290 mmole) triethylamine was added.

Secretin,,

(80 mg, 0.0286 mmole) was dissolved in 1 ml dimethylformamide, the
temperature of the solution was lowered to -40°, and 0.005 ml tri
ethylamine was added.

Secretin^ ^ azide was added dropwise to the

stirred solution of secretin^_2y at -40° and the temperature was
raised to -20° for 45 minutes and then to 0° for 48 hours.

The contents

were lyophilized and the resulting oil dissolved in 6 ml trifluoroacetic
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acid containing 0.2 ml anisole.

The mixture stood at room tempera

ture under nitrogen for 15 minutes, after which time the trifluoroacetic acid was removed i-n vacuo\ this step was repeated.

The re

sulting oil was gel filtered on a column (2.0 x 24 cm) of Sephadex
G-15 using 30% acetic acid as the elution solvent.

After lyophili-

zation of the peptide peak, 56 mg white powder was obtained.

Attempted Purification of Secretin^
lowed that of Wiinsch et al. (1972).

The purification fol

A column (0.9 x 20’cm) of SP

Sephadex C-25 in the ammonium ion form was eluted with the following
aqueous buffers:

0.02 M NH^HCOg, pH 6.1; 0.05 U NH^HCO^ pH 6.5;

0.075 M NH HCO , pH 6.7; 0.15 M NH^HCO^, pH 6.9.
ers was adjusted with solid carbon dioxide.

The pH of the buff

Crude secretin..

1-z /

was

dissolved in 3 ml 0.2 /I/ acetic acid and was applied to the column.
Approximately 400 ml of each buffer was run through the column; eight
fractions were collected from the chromatography.

Using the fat cell

adenylate cyclase assay (Harwood, Low and Rodbell 1973), crude secre
tin was about 25% .as active as native secretin. A peak, approximately
corresponding to the same place as Wiinsch's synthetic secretin, was
found to possess about 35% the activity of native secretin and had the
following molar ratios on amino acid analysis:

histidine, 0.20 (1);

ammonia, 2.69 (3); arginine, 3.60 (4); aspartic acid, 1.18 (2); threo
nine, 1.75 (2); serine, 2.51 (4); glutamic acid, 3.27 (3); glycine,
1.18 (2) ; alanine, 0.91(1); valine, 0.98 (1); leucine, 6.55 (6);
phenylalanine, 0.67 (1).

The amino acid analysis of the other peaks
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in the chromatography spectrum showed unreacted secretin^ ^ and secretinc-^y; P^us possible side products .

Synthesis of Secretin^
Isolation of Synthetic Intermediates
The solid phase synthesis of secretin^
showed only 80% incorporation of phenylalanine.

described above,
Partition chromato

graphy also indicated that there were small amounts of failure se
quences in the synthesis.

In order to monitor the synthesis, a por

tion of resin was removed at the 16-27, 14-27, 9-27 and 5-27 stages
of the synthesis; an indication as to where the synthesis began to
fall off could be obtained by amino acid analysis.

Secretin^ ^

obtained was used in comparison studies with secretin^ ^

synthe

sized on a Merrifield resin, as discussed in the Experimental Section
of Chapter 3, and activity studies of secretin fragments 14-27, 9-27
and 5-27 were made. The synthesis was performed in the same manner as
the previously described synthesis except the use of sub-equivalent
amounts of dicyclohexylcarbodiimide relative to Boc-amino acid was
used to suppress inactivation of the acylating species by excess di
cyclohexylcarbodiimide (Dorman 1974).

The DCC coupling times were

three hours:two hours; active ester coupling was done overnight.

Also

t-amyloxycarbonyl, instead of Boc protection, was used for the alpha
amino group of arginine.

Synthesis of Ser-Ala-Arg-Leu-Gly-Arg-Leu-Leu-Gln-Gly-Leu-ValNHL,.

The title compound was prepared on a 0.75 mmole scale (5.0 g

Boc-Val-benzhydry1amine resin, substitution 0.15 mmole/g resin).

All
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couplings went to completion, and after the last coupling the Nterminal Boc group was removed (Table 1, Steps 1-6), and 0.43 g of
peptide-resin was removed for hydrogen fluoride cleavage.

The secre

tin, , ,._-resin was cleaved for 70 minutes at 0° in the same manner
16-27
as described previously for secretin,__2y

After gel filtration and

lyophilization, 40 mg white powder was obtained.
gave the following molar ratios:

Amino acid analysis

ammonia, 3.00 (3); arginine, 2.00

(2); serine, 0.73 (1); glutamic acid, 2.04 (2); glycine, 0.97 (1);
alanine, 0.97 (1); valine, 0.99 (1); leucine, 4.07 (4).
amino peptidase cleavage gave the following molar ratios:

Leucine
arginine,

2.03 (2); glycine, 1.07 (1); alanine, 0.99 (1); valine, 1.17 (1);
leucine, 3.95 (4).

Thin layer chromatography, using systems I,

III and IV gave single spots with R^=0.20, 0.59 and 0.16, respectively.

Synthesis of Arg-Asp-Ser-Ala-Arg-Leu-Gln-Arg-Leu-Leu-Gln-GlyLeu-Val-NH^.

The title compound was prepared by continuation of the

above synthesis and the coupling's went to completion as determined by
the ninhydrin test.

After the last coupling the N-terminal Boc group

was removed (Table 1, Steps 1-6) , and 0.34 g secretin^_27-resin was
removed for hydrogen fluoride cleavage. The peptide-resin was cleaved
for 160 minutes at 0° in the same manner as described previously for
secretin^ 27•

After gel filtration and lyophilization, 31 mg white

powder was obtained.
ratios:

Amino acid analysis gave the following molar

ammonia, 2.86 (3); arginine, 2.84 (3); aspartic acid, 0.90

(1); serine, 0.75 (1); glutamic acid, 2.21 (2); glycine, 0.99 (1);
alanine, 0.93 (1); valine, 1.09 (1); leucine, 4.17 (4).

Thin layer
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chromatography, using systems I, III and IV gave single spots R^=
0.18, 0.67 and 0.05, respectively.

Purification of Secretin^ ^

Partition chromatography using

solvent system B was used to purify secretin^^^gy

The peptide (20 mg)

was dissolved in 1 ml 0.2 77 HOAc and n, 2 ml upper phase was added.
The dissolved peptide was applied to aSephadex G-25 .column, as pre
viously described for the purification of secretin,.
by the Folin-Lowry method gave two peaks,

.Analysis

n, 0.45 and R^ < 0.19.

After gel filtration of each of the peaks, 2.2 mg and 7.0 mg of peptide
material was obtained respectively.
peak gave the following molar ratios:

Amino acid analysis of the first
ammonia, 3.04 (3); arginine,

3.09 (3); aspartic acid, 1.05 (1); serine, 0.98 (1); glutamic acid,
2.08 (2); glycine, 0.97 (1); alanine, 1.01 (1); valine, 1.09 (1);
leucine, 4.08 (4).

Amino acid analysis of the latter peak gave the

following molar ratios:

ammonia, 3.49 (3); arginine, 2.16 (3);

aspartic acid, 0.60 (1); serine, 0.59 (1); glutamic acid, 2.02 (2);
glycine, 0.98 (1); alanine, 0.68 (1); valine, 1.02 (1); leucine,
3.98 (4).

Synthesis of Glu-Leu-Ser-Arg-Leu-Arg-Asp-Ser-Ala-Arg-Leu-GlnArg-Leu-Leu-Gln-Gly-Leu-Val-NH^.

The title compound was prepared by

continuation of the above synthesis and the couplings went to comple
tion.

After the last coupling the N-terminal Boc group was removed

(Table 1, Steps 1-6) , and 0.32 g secreting^^y-1-65!11 was removed for
hydrogen fluoride cleavage.

The peptide-resin was cleaved for 30

minutes at 0° in the same manner as described previously for secretin,__27 •

After gel filtration and lyophilization, 7 mg white powder

was obtained.

Amino acid analysis gave the following molar ratios:

ammonia, 3.05 (3); arginine, 4.14 (4); aspartic acid, 0.99 (1);
serine, 1.64 (2); glutamic acid, 3.19 (3); glycine, 0.98 (1); alanine,
1.00 (1); valine, 1.07 (1); leucine, 6.07 (6).

Thin layer chromato

graphy, using systems I, II, III, IV and V, gave single spots R ^ O .24,
0.43, 0.76, 0.09 and 0.92, respectively.

Synthesis of Thr-Phe-Thr-Ser-Glu-Leu-Ser-Arg-Leu-Arg-Asp-SerAla-Arg-Leu-Gln-Arg-Leu-Leu-Gln-Gly-Leu-Val-NH^■

The title compound

was prepared by continuation of the above synthesis and the couplings
went to completion.

After the last coupling the N-terminal Boc group

was removed (Table 1, Steps 1-6) , and 0.24 g secretin,, ^g-tesin was
removed for hydrogen fluoride cleavage.

The peptide-resin was cleaved

for 30 minutes at 0° in the same manner as described previously for
secretin^_27 (first synthesis). After gel filtration and lyophiliza
tion, 6 mg white powder was obtained.
following molar ratios:

Amino acid analysis gave the

Ammonia, 3.26 (3); arginine, 3.90 (4);

aspartic acid, 0.98 (1); threonine, 1.48 (2); serine, 2.40 (3); glu
tamic acid, 3.16 (3); glycine, 1.00 (1); alanine, 1.01 (1); valine,
1.05 (1); leucine, 6.04 (6); phenylalanine, 0.84 (1).

Thin layer

chromatography gave single spots in systems I, II, III, IV and V, with
R^=0.24, 0.72, 0.81, 0.09 and 0.96, respectively.
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Synthesis of Secretin^. ^

Using 50% TFA.

The title compound

was prepared by continuation of the synthesis from the secreting
stage.

Instead of using 25% TFA and 2 minute:20 minute deblocking

times, 50% TFA and 2 minute:30 minute:30 minute conditions were
employed.

The synthesis used 0.6 g secreting_27'"resi-n and all other

conditions were the same.

After the last coupling, the N-terminal

Boc group was removed, and 0.16 g secretint-_27-resin was removed for
hydrogen fluoride cleavage.

The peptide-resin was cleaved for 90 min

utes at 0° in the same manner as described previously for secretin^ ^
(first synthesis).

After gel filtration and lyophilization, 18 mg

white powder was obtained.
molar ratios:

Amino acid analysis gave the following

ammonia, 3.18 (3); arginine, 4.03 (4); aspartic acid,

1.01 (1); threonine, 1.47 (2); serine, 2.71 (3); glutamic acid, 2.88
(3); glycine, 1.00 (1); alanine, 1.02 (1); valine, 1.17 (1); leucine,
6.00 (6); phenylalanine, 0.88 (1).

Activity Studies of Secretin Intermediates.
same as that previously described for secretin,. ^

The assay was the

and was done by Dr.

Gardner; the log-dose-response curves are given in Figure 2.

The

first peak in the partition chromatography spectrum of secretin^ ^
was fully active, and the latter peak was inactive.
tin^_27 was almost as active as purified secretin^

Crude secreOnly secre-

tin^_27, from the 30 minute hydrogen fluoride cleavage, was tested.
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Effect of Trifluoroacetic Acid
Concentration and Phenol on the
Incorporation of the Last Three
Amino Acids into Secretin
The first synthesis of secretin^^y showed failure sequences
and the latter synthesis of secretin^

while possessing activity-

identical to purified secretin^_2y> still showed, on amino acid anal
ysis, a slightly less than theoretical amount of phenylalanine.

In

complete coupling of amino acids, and/or incomplete deprotection of
alpha amino groups, could be responsible for failure sequences appear
ing in the later stages of the synthesis.

Failure sequences should be

more pronounced at the end of the synthesis, and the only histidine
residue in secretin is the N^-terminal amino acid.

Thus the amount of

histidine present in the amino acid analysis spectrum should indicate
coupling and/or deblocking efficiency.

Phenol has been reported by

Yamashiro, Blake and Li (1976) to make free amino groups more access
ible during coupling steps.

The couplings (Table 1) for each amino

acid went for 20 minutes, after which time phenol (to make a 10% solu
tion) and diisopropylethylamine (six drops) were added; each coupling
went for a total of 30 minutes.

In the couplings without phenol,

after 20 minutes only diisopropylethylamine was added.

A 5-10

fold excess of protected amino acid was used along with sub-equivalent
amounts of DCC.

Other synthetic conditions were the same as before.

The synthesis began with secretin^

which was prepared from secre-

tin,-_2y-resin (0.18 mmole substitution) which was described earlier in
this Experimental Section.

Side chain protection for the three

amino acids included:

Boc for histidine, t-butyl for serine, and

benzyl for aspartic acid.

The latter was used even though on hydro

gen fluoride cleavage rearrangement will occur; however, this would
have no effect on the study.

Synthesis of Secretin^ ^7 from Secretin^
TFA and No Phenol.
secretin^ 27-i'esin.

Resin Using 25%

The title compound was synthesized with 0.3 g
The trifluoroacetic acid cleavage times were 2

minutes:20 minutes, and all couplings were determined to have gone to
completion by the ninhydrin test.

Hydrogen fluoride cleavage of the

peptide-resin went for 90 minutes at 0°, as described previously, and
after gel filtration, 47 mg white powder was obtained.
analysis gave the following molar ratios:

Amino acid

histidine, 0.63 (1); am

monia, 3.78 (4); arginine, 4.27 (4); aspartic acid, 1.76 (2); threo
nine, 1.46 (2); serine, 3.16 (4); glutamic acid, 3.22 (3); glycine,
1.93 (2); alanine, 1.00 (1); valine, 1.06 (1); leucine, 6.01 (6);
phenylalanine, 0.79 (1).

Synthesis of Secretin^ ^7 from Secretin^ 27~^es^n Using 25%
TFA and Phenol.
tin^ 27-i'Gsin.

The title compound was synthesized with 0.3 g secre
The trifluoroacetic acid cleavage times were 2 minutes

20 minutes, and phenol was added during the coupling steps, as ex
plained above.

All couplings were determined to have gone to comple

tion by the ninhydrin test.

Hydrogen fluoride cleavage of the peptide

resin went for 90 minutes at 0°, as described previously, and after
gel filtration, 47 mg white powder was obtained.

Amino acid analysis

gave the following molar ratios:

histidine, 0.63; ammonia, 3.78 (4);

arginine, 4.27 (4); aspartic acid, 1.76 (2); threonine, 1.46 (2);
serine, 3.16 (4); glutamic acid, 3.22 (3); glycine, 1.93 (2); alanine,
1.00 (1); valine, 1.06 (1); leucine, 6.01 (6); phenylalanine, 0.79 (1)

Synthesis of Secretin^ ^

from Secretin^ ^ - Resin Using 25%

TFA and Phenol.

The title compound was synthesized with 0.3 g secre

tin^ 27_resin -

The trifluoroacetic acid cleavage times were 2 minutes

20 minutes, and phenol was added during the coupling steps as explain
ed above.

All couplings were determined to have gone to completion by

the ninhydrin test.

Hydrogen fluoride cleavage of the peptide-resin

went for 90 minutes at 0°, as described previously, and after gel fil
tration, 47 mg white powder was obtained.
the following molar ratios:

Amino acid analysis gave

histidine, 0.67 (1); ammonia, 3.78 (4);

arginine, 4.19 (4); aspartic acid, 1.88 (2); threonine, 1.35 (2);
serine, 3.23 (4); glutamic acid, 3.17 (3); glycine, 1.94 (2); alanine,
1.01 (1); valine, 1.11 (1); leucine, 5.92 (6); phenylalanine, 0.77 (1)

Synthesis of Secretin^

from Secretin^ ^y-^ s i n Using 50% .

TFA and Phenol.

The title compound was synthesized with 0.2 g secre

tin^ 2y“resin -

The trifluoroacetic acid cleavage times were 2 minutes

15 minutes:15 minutes, and phenol was added during the coupling steps
as explained above.

All couplings were determined to have gone to

completion by the ninhydrin test.

Hydrogen fluoride cleavage of the

peptide-resin went for 120 minutes at 0°, as described previously, and
after gel filtration, 35 mg white powder was obtained.

Amino acid
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analysis gave the following molar ratios:

histidine, 0.72 (1); am

monia, 3.46 (3); arginine, 4.06 (4); aspartic acid, 1.83 (2); threo
nine, 1.35 (2); serine, 3.17 (3); glutamic acid, 3.05 (3); glycine,
1.85 (2); alanine, 0.99 (1); valine, 1.05 (1); leucine, 5.99 (6);
phenylalanine, 0.78 (1).

Synthesis of Secretin

0_ from

- - - - - - - - - - - - - - - - - - - - - - - JL -LI — - - -

Secretin,, ^

Using Phenacyl Protection

for Aspartic Acid
To circumvent the Asp-Gly rearrangement phenacyl protection was
used for aspartic acid, and before hydrogen fluoride cleavage, the
peptide-resin was treated with sodium thiophenoxide to remove the
phenacyl group leaving an unprotected aspartic acid (which does not
rearrange during hydrogen fluoride cleavage).

The synthesis used

secretin^ 2y~resin (0.15 substitution), phenol during the coupling
steps, and one hour trifluoroacetic acid (50%) deprotection times as
previously explained above.

A 5-10 fold excess of protected amino acid

along with a sub-equivalent amount of DCC was used and DCC coupling
times were 3 hours:2 hours.

All couplings were determined to go to

completion by the ninhydrin test.

Serine(Bzl) and histidine(Boc) were

the last two amino acids incorporated.

Hydrogen Fluoride Cleavage in the Presence of Sodium Thiophen
oxide .

After the synthesis, using 0.20 g secretin^

the se-

cretin^_2y-resin was stirred for 21 hours in 10 ml 3 M sodium thio
phenoxide for 27 hours at room temperature.

The peptide-resin was

43

filtered, washed with dimethyIformamide and methylenechloride, and
dried in vaeuo.

By the olfactoiy test the presence of sodium thio-

phenoxide (thiophenol) could be detected in the peptide-resin; even so,
the peptide-resin was placed in hydrogen fluoride for 90 minutes at
0°, as previously described.

After gel filtration (the peptide peak

had absorbance readings (246 nm) six times that expected) and lyophilization, 14 mg of white powder was obtained.
the following molar ratios:

Amino acid analysis gave

histidine, 0.09 (1); ammonia, 3.41 (3);

arginine, 3.97 (4); aspartic acid, 1.04 (2); threonine, 1.19 (2);
serine, 2.74 (4); glutamic acid, 2.81 (3); glycine, 1.19 (2); alanine,
0.99 (1); valine, 1.02 (1); leucine, 5.96 (6); phenylalanine, 0.17 (1).

Hydrogen Fluoride Cleavage in the Absence of Sodium Thiophenoxide

After the synthesis, using 0.18 g secretin^ 2y~resin > the se

cretin^ 2y-resin was stirred in 5 ml 3 M sodium thiophenoxide for 27
hours at room temperature.

The peptide-resin was filtered, successive

ly and thoroughly washed with dimethylformamide, 10% sodium bicarbon
ate, acetic acid, ethanol-benzene (99:1), methylene chloride, 10%
diisopropylethylamine and methylene chloride, and dried in vaeuo.
The olfactory test failed to detect the presence of sodium thiophen
oxide (thiophenol).

The peptide-resin was placed in hydrogen fluoride

for 90 minutes at 0°, as previously described.

After gel filtration

(the peptide peak had absorbance readings, 246 nm, two times that ex
pected) and lyophilization, 16 mg white powder was obtained.
acid analysis gave the following molar ratios:

Amino

histidine, 0.12 (1);
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ammonia, 2.50 (3); arginine,.3,44 (4); aspartic acid, 0.97 (2); threo
nine, 0.43 (2); serine, 1.65 (4); glutamic acid, 2.54 (3); glycine,
1.31 (2); alanine, 1.10 (1); valine, 1.13 (1); leucine, off scale;
phenylalanine, 0.16 (1).

Synthesis of Secretin,

from

----------------------------------- 1 - Z /---------

Secretin^ ^

Using Active Ester Coupling

and t~Butyl Protection for Aspartic Acid
To circumvent the Asp-Gly rearrangement £-butyl protection was
used on aspartic acid, and before hydrogen fluoride cleavage the peptide-resin was treated with trifluoroacetic acid to remove the t-butyl
protecting group.

The synthesis used secretin^ ^ - x e s i n (0.15 substi

tution) . A 5-10 fold excess of protected amino acid was used along
with a subequivalent amount of DCC.

All couplings were determined to

go to completion by the ninhydrin test.

The synthesis used two dif

ferent concentrations of trifluoroacetic acid, and serine(Bzl) and
histidine(Boc) were the last two amino acids that were coupled.

Synthesis Using 25% Trifluoroacetic Acid. The synthesis used
0.50 g secretin^ ^-resin an^ trifluoroacetic acid (25%) deprotection
times were 2 minutes:20. minutes.

For aspartic acid the Boc group was

used for alpha amino protection, and dicyclohexylcarbodiimide
coupling times of three hours:two hours were used.

The last two amino

acids were incorporated by active ester (ONSu) coupling using 1hydroxybenzotriazole as a catalyst and the couplings went for 16
hours.

After the synthesis the peptide-resin was mixed in 50%
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trifluoroacetic acid for six hours, after which time the peptideresin was neutralized, and 0.20 g was cleaved with hydrogen fluoride
for 90 minutes at 0°, as previously described.

After gel filtration

and lyophilization, 25 mg white powder was obtained.

Amino acid anal

ysis gave the following molar ratios: histidine, 0.40 (1);

ammonia,

3.38 (3); arginine, 4.00 (4); aspartic acid, 1.79 (2); threonine, 1.64
(2); serine, 2.80 (4); glutamic acid, 3.21 (3); glycine, 1.88 (2);
alanine, 0.83 (1); valine, 1.12 (1); leucine, 6.00 (6); phenylalanine,
0.78 (1).

Synthesis Using 50% Trifluoroacetic Acid.
0.25 g secretin^ 2y-f®sin.

The synthesis used

Trifluoroacetic acid (50%) deprotection

times were 2 minutes:30 minutes:30 minutes:30 minutes.

For aspartic

acid the Boc group was used for alpha amino protection, and the amino
acid was incorporated by active ester (ONSu) coupling, using 1-hydroxybenzotriazole as a catalyst.

Coupling times were the same

The last two amino acids also required active ester (ONSu)

as above.
couplings.

After the synthesis the peptide-resin was mixed in 50% trifluoroacetic
acid overnight, after which time the peptide-resin was neutralized and
cleaved for 50 minutes at 0°, as previously described.

After gel fil

tration and lyophilization, 9 mg white powder was obtained.
analysis gave the following molar ratios:

Amino acid

histidine, 0.39 (1); am

monia, 3.24 (3); arginine, 4.04 (4); aspartic acid, 1.63 (2); threonine,
1.35 (2); serine, 3.28 (4); glutamic acid, 3.00 (3); glycine, 1.84 (2);
alanine, 1.12 (1); valine, 1.12 (1); leucine, 5.97 (6); phenylalanine,
0.81 (1).
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Ion Exchange Chromatography and Biological Activity. Material
from the synthesis using 25% TFA was tested by Dr. Gardner using the
pancreatic acinar cell cyclic-AMP assay and was found to be 10% as
active as native secretin.

Ion exchange chromatography using SP Sepha-

dex C-25, as described previously, failed to isolate peptide material
containing the desired amino acid ratios.

Synthesis of Secretini^27
from Secretin4_27 Using
Dicycohexylcarbodiimide Coupling and
f-Butyl Protection for Aspartic Acid
The labile c-nitrophenylsulfenyl (Nps) group was used in con
junction with the t-butyl side chain protection of aspartic acid so
that dicyclohexylcarbodiimide coupling could be used.

The Nps group

can be selectively cleaved by using thiourea (direct nucleophilic
attack on the electrophilic sulfur of the sulfenylamide linkage) while
at the same time leaving the side chain t-butyl group intact (Kessler
and Iselin 1966).

Serine was incorporated as the Nps-t-butyl deriva

tive and histidine as the bis-Boc derivative. All couplings went to
completion as determined by the ninhydrin test, and DCC coupling times
were 3 hours for the Nps amino acids and 3. hours:2 hours for histidine.
A 5-10 fold excess of protected amino acid was used along with a sub
equivalent amount of DCC.

Different deprotection conditions were

tried to determine the best method for cleaving the Nps group. The
Nps-amino acids were freed of their dicyclohexylamine salts by the
method of Najjar and Merrifield (1966) .

i
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Cleavage of the Nps Group for 90 Minutes.
0.25 g secretin^ 2y-resin>

The synthesis used

To 10 ml of a methanol ^-acetic acid mix

ture (4:1) was added 50 mg thiourea, and the Nps-peptide-resin was
mixed in this solution for 90 minutes, after which time the peptideresin was washed with methanol, acetic acid and methylene chloride,
and the synthesis was continued in the usual manner. After incorpora
tion of the last amino acid, the peptide-resin was treated with trifluoroacetic acid overnight and neutralized.

Then the peptide-resin

was cleaved for 90 minutes at 0° in the same manner as described be
fore, and after gel filtration, 33 mg white powder was obtained.
Amino acid analysis gave the following molar ratios:

histidine, 0.41

(1); ammonia, 3.30 (3); arginine, 3.97 (4); aspaftic acid, 1.63 (2);
threonine, 1.25 (2); serine, 2.77 (4); glutamic acid, 2.85 (3);
glycine, 1.78 (2); alanine, 1.01 (1); valine, 1.13 (1); leucine, 6.24
(6); phenylalanine, 0.76 (1).

Cleavage of the Nps Group for 12 Hours.
0.25 g secretin^ 22""res^n-

The synthesis used

To 10 ml of methanol-acetic acid mixture

(4:1) was added 50 mg thiourea, and the Nps-peptide-resin was mixed in
this solution overnight.

Then a fresh portion of cleavage reagent was

added and the mixture was mixed for another two hours.

The peptide-

resin was washed, as above, and the synthesis was continued in the
usual manner.

After incorporation of the last amino acid, the peptide-

resin was treated with trifluoroacetic acid overnight and neutralized.
The peptide-resin was cleaved for 90 minutes at 0° in the same manner
as described before, and after gel filtration, 33 mg white powder was
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obtained.

Amino acid analysis gave the following molar ratios:

histidine, 0.46 (1); ammonia, 3.88 (3); arginine, 4.30 (4); aspartic
acid, 1.73 (2); threonine, 1.31 (2); serine, 2.81 (4); glutamic acid,
3.05 (3); glycine, 1.89 (2); alanine, 0.99 (1); valine, 1.15 (1);
leucine, 5.94 (6); phenylalanine, 0.79 (1).

Cleavage of Nps Group for 12 Hours in CH^Cl^.
used 0.15 g secretin^ 27~resi-n -

The synthesis

To 10 ml a methanol-acetic acid

mixture (4:1) was added 50 mg thiourea, and the Nps-peptide-resin was
mixed in this solution for 90 minutes.

The peptide-resin then was

washed with methylenechloride, and 50 mg thiourea was dissolved in
1 ml methanol, and 2 ml acetic acid and 7 ml methylenechloride were
added.

The peptide-resin was mixed in this thiourea-methylenechloride

solution overnight after which time the peptide-resin was washed with
methanol and methylenechloride.

The rest of the synthesis was con

tinued in the usual manner. After incorporation of the last amino
acid the peptide-resin was treated with trifluoroacetic acid overnight
and neutralized.

The peptide-resin was cleaved for 90 minutes at 0°

in the same manner as described before, and after gel filtration, 22
mg white powder was obtained.
molar ratios:

Amino acid analysis gave the following

histidine, 0.58 (1); ammonia, 3.73 (3); arginine, 4.00

(4); aspartic acid, 1.85 (2); threonine, 1.26 (2); serine, 3.00 (4);
glutamic acid, 3.11 (3).; glycine, 1.90 (2); alanine, 1.02 (1); valine,
1.12 (1); leucine, 5.53 (6); phenylalanine, 0.77 (1).
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Ion Exchange Chromatography and Biological Activity. Material
from the synthesis using the thiourea cleavages (in the absence of
methylenechloride) was tested by Dr. Gardner using the pancreatic
acinar cell cyclic-AMP assay and was found to be 10% as active as
native secretin.

Ion exchange chromatography, using SP Sephadex C-25,

as described previously, failed to isolate peptide material contain
ing the desired amino acid ratios.

Isolation of Synthetic
Intermediates in the
Synthesis of Secretin^
from Secretin^

In order to determine whether the t-butyl group on aspartic
acid was-being cleaved and to monitor the synthesis from the 5-27
stage to completion, at the 4-27, 3-27, 2-27 and 1-27 stages, peptideresin was removed from the reaction vessel.

The resulting peptide

from hydrogen fluoride cleavage was analyzed by both acid and enzymat
ic hydrolysis.

The'synthesis used secretin^_2y""resin (0.15 substitu

tion) and amino acid DOHA salts were freed as previously described.
Coupling times and amounts of protected amino acids and DCC were the
same as described above.

For Boc groups TFA (50%) cleavage times were

2 minutes:30 minutes:30 minutes.

Synthesis of Secretin^

Glycine was incorporated into se-

creting_2y-resin in the usual manner; ninhydrin test indicated complete
coupling.

After incorporation of glycine the peptide-resin was treated

with trifluoroacetic acid overnight and was neutralized.

Hydrogen

fluoride cleavage (0.27 g) of the peptide-resin for 35 minutes, in
the usual manner, and gel filtration yielded 13 mg white powder.
Amino acid analysis after acid hydrolysis gave the following molar
ammonia, 3.36 (3); arginine, 4.08 (4); aspartic acid, 0.95

ratios:

(1); threonine, 1.15 (2); serine, 2.70 (3); glutamic acid, 2.61 (3)
glycine, 1.70 (2); alanine, 1.02 (1); valine, 0.99 (1); leucine, 6.12
(6); phenylalanine, 0.80 (1). Enzymatic hydrolysis (leucine amino
peptidase) gave the following molar ratios on amino acid analysis:
arginine, 3.98 (4); aspartic acid, 1.03 (1); threonine, 1.49 (2);
glutamic acid, 0.83 (1); glycine, 1.99 (2); alanine, 1.23 (1); valine,
1.29 (1); leucine, 6.16 (6); phenyalanine, 0.85 (1).

Synthesis of Secretin^

Aspartic acid was incorporated

into the above secretin^ gy-^csin as Nps-Asp(OBu ) by dicyclohexylcarbodiimide coupling.

The peptide-resin was treated with trifluoro-

acetic acid overnight and was neutralized.

Hydrogen fluoride cleavage

(0.27 g) of the peptide resin for 35 minutes, in the usual manner,
followed by gel filtration, gave 7 mg white powder.

Amino acid analy

sis, after acid hydrolysis, gave the following molar ratios:

ammonia,

3.35 (3); arginine, 4.16 (4); aspartic acid, 1.61 (2); threonine, 1.42
(2); serine, 2.84 (3); glutamic acid, 2.63 (3); glycine, 1.71 (2);
alanine, 1.08 (1); valine, 1.06 (1); leucine, 6.08 (6); phenylalanine,
0.76 (1).

Enzymatic hydrolysis (leucine amino peptidase) gave the

following molar ratios on amino acid analysis:

arginine, 4.02 (4);

aspartic acid, 1.00 (1); threonine, ^ 0.30 (2); glutamic acid, 0.71 (1)

51

glycine, 1.10 (2); alanine, 0.96 (1); valine, 1.06 (1); leucine,
5.10 (6); phenylalanine, 0.20 (1).

Synthesis of Secretin^ 27•

Deblocking the Nps group was by

the previously mentioned thiourea in methylenechloride method followed
by a fiye minute TFA (50%) cleavage.

Serine was incorporated into the

above secretin2_27~resin as Nps-Ser(OBu*) by dicychlohexylcarbodiimide
coupling.

After incorporation of serine, the peptide-resin was treat

ed with trifluoroacetic acid overnight and was neutralized.

Hydrogen

fluoride cleavage (0.26 g) of the peptide-resin for 35 minutes, in
the usual manner, followed by gel filtration, gave 7 mg white powder.
Amino acid analysis, after acid hydrolysis, gave the following molar
ratios:

ammonia, 3.47 (3); arginine, 4.22 (4); aspartic acid, 1.65

(2); threonine, 1.40 (2); serine, 3.18 (4); glutamic acid, 2.76 (3);
glycine, 1.83 (2); alanine, 1.12 (1); valine, 1.20 (1); leucine, 5.76
(6); phenylalanine 0.81 (1).

Enzymatic hydrolysis (leucine amino

peptidase) gave the following molar ratios on amino acid analysis:
arginine, 4.05 (4); aspartic acid, 0.89 (1); glutamic acid, 0.12 (1);
glycine, 1.08 (1); alanine, 0.94 (1); valine, 1.08 (1); leucine, 4.90
(6); phenylalanine, 0.14 (1).

Synthesis of Secretin^

Deblocking of the Nps group was

by the previously mentioned thiourea in methylenechloride method fol
lowed by a five minute TFA (50%) cleavage.

Boc-histidine(Boc) was in

corporated into secretin^ gy-^esin by DCC coupling; ninhydrin test
indicated complete coupling.

After incorporation of histidine the

peptide-resin was treated with trifluoroacetic acid overnight and
was neutralized.

Hydrogen fluoride cleavage (0.29 g) of the peptide-

resin for 35 minutes, in the usual manner, followed by gel filtration,
yielded 9 mg white powder. Amino acid analysis, after acid hydrolysis,
gave the following molar ratios:

histidine, 0.37 (1); ammonia, 3.84

(3), arginine, 4.05 (4); aspartic acid, 1.60 (2); threonine, 1.37
(2); serine, 3.22 (4); glutamic acid, 2.84 (3); glycine, 1.77 (2);
alanine, 1.09 (1); valine, 1.09 (1); leucine, 5.72 (6); phenylalanine,
0.80 (1).

Enzymatic hydrolysis (leucine amino peptidase) gave the fol

lowing molar ratios on amino acid analysis:

histidine, 0.24 (1);

arginine, 4.18 (4); aspartic acid, 0.82 (2); glutamic acid, 0.25 (1);
glycine, 1.10 (2); alanine, 0.86 (1); valine, 1.02 (1); leucine, 5.30
(6); phenylalanine, 0.40 (1).

Discussion
A comparison of hydrogen fluoride cleavage times with the
amount of peptide material obtained and biological activity gave some
interesting results. As the hydrogen fluoride cleavage time was in-creased, the amount of cleaved peptide increased; however, as the
cleavage time increased, biological activity decreased.

In contrast,

comparable increased cleavage times with a Merrifield resin have shown
a decrease in peptide material obtained-(Feinberg and Merrifield 1975) .
Secretin,- ^

from a 60-minute cleavage was only 20% active, but when

the cleavage time was reduced to 30 minutes, fully active material was
obtained.

The 30-minute cleavage time also yielded a fully active
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secreting

.

Since the amount of anisyl-glutamic acid derivative,

after 60-minute cleavage time is about 5% (Feinberg and Merrifield
1975) , this side reaction cannot be responsible for the 80% decrease
in biological activity seen.

Also dissolving the peptides from the

longer hydrogen fluoride cleavage times in 30% acetic acid, prior to
gel filtration, gave a yellow-green color; however, solutions from
30-minute cleavage times were colorless. . No difference in amino acid
analysis or thin layer chromatography could be detected in peptide
material from the different cleavage times.
The azide coupling reaction of secretin^ ^ with secretinj^^
failed to yield any secretin with high activity even after ion exchange
chromatography.

Some time after the coupling reaction was run, secre-

ting 27 used in the reaction was found to be 20% active, and the se
cretin^ ^ fragment was not completely purified.

Thus in applying this

approach to the synthesis of secretin, it appears that highly purified
secretin fragments must be used.
By isolating the synthetic intermediates at different stages
during the solid phase synthesis, and by studying different deblocking
conditions, a determination of failure sequences could be obtained.
Up to residue 9, amino acid analysis showed good incorporation during
the synthesis; however, in the 5-9 stage a slight falling off in the
synthesis could be detected (as seen in the isolation of inactive
fragments containing low phenylalanine), and this decrease continued
while the last four amino acids of secretin were incorporated.

A

partial burying of free alpha amino groups seems to be involved since
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cleavage of the Nps group was 40% improved when performed in a thiourea
solution which swells, rather than shrinks, the resin; all other
thiourea cleavages reported in the literature have used the solution
which shrinks the resin.

Also in cleavage of the Boc group, higher

concentrations of TFA and longer reaction times were shown to give more
complete deblocking.

However, when the TFA deblocking times were in

creased, making aggregate TFA blocking times close to the maximum al
lowed before other protecting groups are cleaved (Erickson and Merrifield 1973), no increase in deblocking was seen; instances of incom
plete deblocking have been reported (Chou et al. 1971).

Addition of

phenol during the coupling step gave a slightly better incorporation
of amino acid, indicating inaccessibility of free amino groups.

When

the t-butyl group was used for aspartic acid (Residue 3), whether by
active ester or DCC coupling, incorporation of the last two amino acids
was much lower than expected.

However, when benzyl protection for

aspartic acid was used, close to the expected values of incorporation
for the last two amino acids were obtained.

It appears that the

t-butyl group may be causing increased burying of the free amino group.
Deblocking and incomplete coupling of the free amino acid into the
growing peptide chain appear to be major problems in the total solid
phase synthesis of secretin.
The aspartic acid-glycine rearrangement also is a major prob
lem.

The use of phenacyl protection for aspartic acid with selective

cleaving of this protecting group from the intact peptide-resin using
sodium thiophenoxide was unsuccessful.

It would appear that the
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peptide is being degraded during the sodium thiophenoxide reaction
since there was no difference in amino acid analysis data for hydro'gen fluoride cleaved material whether the cleavage was done in the
presence or absence of sodium thiophenoxide.

Other work in our lab

oratory showed that addition of sodium thiophenoxide during hydrogen
fluoride cleavage caused no degradation of the peptide when the
peptide-resin was not treated with sodium thiophenoxide prior to the
HF cleavage (Agarwal, Dept, of Chemistry, Univ. of Ariz., pers. comm.).
In the synthesis of a fragment of bovine pituitary growth hor
mone Wang et al. (1973) were able to selectively cleave the t-butyl
side chain protecting group from aspartic acid using 50% TFA for 30
minutes.

In applying this method to the synthesis of secretin it was

found that the t-butyl group of aspartic acid could not be cleaved
even when treated with 50% TFA for 15 hours.

Failure to selectively

cleave this side chain protecting group prior to HF cleavage of the
peptide from the resin led to formation of the succinimide derivative.
Evidence for the formation of the rearranged product was derived from
the low biological activity of the peptide and from the amino acid
analysis spectrums by comparing the acid and enzymatic hydrolysis of
secretin fragments 1-27, 2-27, 3-27 and 4-27.

Leucine amino peptidase

only hydrolizes a peptide with a free amino group, and since the
succinimide derivative does not have a free amino group, release of
amino acids terminates at the place of rearrangement.
and enzymatic hydrolysis of secretin^

Both the acid

compared favorably, but the

secretin fragments 3-27, 2-27 and 1-27 all were shown to have
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undergone rearrangement since low amino acid values in the tryptic
fragment containing the expected rearranged product were found in the
amino acid analysis spectrums derived from enzymatic hydrolysis.

The

above evidence again points to the inaccessibility of protected
functional groups of the peptide toward the end of the synthesis.
The overnight 50% TFA treatment should cleave the very labile
Nps group of secretin^27-resin leaving a free alpha amino group.
Yang and Merrifield (1976) have shown that a side chain protected
aspartic acid with a free alpha amino group does not undergo rearrange
ment; however, this was not seen with the above fragment.

After hydro

gen fluoride cleavage of secretin^ 27-resin, the rearranged material
was obtained as evidenced in the enzymatic hydrolysis.
In conclusion, up to residue 4 normal peptide synthesis pro
cedures can be used, but in order to use a stepwise solid phase ap
proach to the total synthesis of secretin, unconventional methods
must be employed.

Since the Boc group was not totally cleaved using

the standard deblocking procedures, increased deblocking times and
higher TFA concentrations must be used; better incorporation of amino
acids in the 5-9 stage of the synthesis occurred when increased block
ing times and higher TFA concentrations were used.
benzhydrylamine resin as the solid support,

By using a •

the increased TFA con

centration and reaction times should not result in partial loss of
peptide material; these conditions would result in loss of peptide
material if a Merrifield resin was used.

Before hydrogen fluoride

cleavage the side chain protecting group of aspartic acid, residue 3,

must be removed so as to prevent the aspartic acid-glycine rearrange
ment .

The t-butyl group, which should be cleaved on treatment with

trifluoroacetic acid, could not be removed even with extended TFA
times.

The use of the phenacyl protection method seemed to give de

graded peptide material.

It appeared that the degradation took place

during the sodium thiophenoxide (dimethylformamide) treatment of the
peptide-resin.

In light of the failure to cleave the labile t-butyl

protecting group, it would seem unlikely that the phenacyl group
could be removed even if non-degradable conditions could be found.
Thus in order to avoid the aspartic acid-glycine rearrangement, incor
poration of the aspartic acid, residue 3, must be accomplished without
any protection on its side chain acid group.

The last two amino acids

then could be added by active ester couplings.

CHAPTER 3

THE SOLID PHASE SYNTHESIS OF SECRETIN,, 0_:
16-/7
A MAJOR SECRETIN PEPTIDE FOR A FRAGMENT
CONDENSATION SYNTHESIS OF SECRETIN

An alternative method to a stepwise synthesis of secretin is by
using the fragment condensation approach.

By dividing secretin into

three or four segments and. using a combination of solid phase and solu
tion peptide synthesis techniques, the advantages of both methods can
be utilized.

Since the benzhydrylamine resin would give unprotected

fragments, an unmodified Merrifield resin yielding protected fragments
on cleavage would be the solid support of choice.

An examination of

secretin shows that ammonolysis of the peptide to give the desired Cterminal amide in principal can be accomplished safely up to residue
16.

Residue 15 is aspartic acid, and ammonolysis of the unprotected

acidic amino acid, except for t-butyl protection, will convert the side
chain ester to an amide in the same way as cleaving the peptide ester
linkage from the resin with ammonia gives the desired C-terminal amide.
The protected aspartic acid residue could be incorporated by solution
techniques into the solid phase synthesized protected fragment.

The

other protected secretin fragments could be synthesized in like manner
except that cleavage would be by transesterification followed by
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hydrolysis to give the free carboxyl terminal fragment.

The fragments

then could be joined by dicyclohexylcarbodiimide coupling.
The carboxy terminal amino acid of secretin, valine, has been
shown to cause some problems when cleaved with methanolic ammonia.
Bodanszky and Sheehan (1966) found that ammonolysis of the C-terminal
hexapeptide of secretin resulted mainly in the formation of the methyl
ester and not the desired amide.

When glycine was substituted for

valine, only the amide was obtained thereby implicating steric hin
drance by the isopropyl side chain of valine.

When Bodanszky (1973b)

tried to extend the synthesis of secretin further on a Merrifield
resin, ammonolysis of the C-terminal valine tridecapeptide from the
resin in a methanolic solution repeatedly failed to give any peptide
material from the resin.

Bayer et al. (1971) synthesized the C-

terminal hexapeptide amide of secretin using a modified support uti
lizing a 6-hydroxy-n-hexyl group as a spacer.

Ammonolysis, with

dimethylformamide-ammonia (1:1) for eight days under pressure, gave
the desired amide in 23% yield.

Experimental Section
The analytical methods of thin layer chromatography, amino acid
analysis, melting points, completion of coupling and determination of
resin substitution were identical to those described in Chapter 2.

For

deprotection of amino acids during the synthesis, the trifluoroacetic
acid mixture was trifluoroacetic acid (48%)-methylenechloride (50%)anisole (2%), and the reaction times were two minutes:seven minutes:
seven minutes.

All temperatures were in degrees centigrade..
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Synthesis of Secretin^ ^ -OCH^/NH^
The title compound contains only two functional side chain
groups: the hydroxy group of serine and the guanido group of arginine.
In this synthesis serine can be protected safely with the benzyl group;
"however, for arginine residues only tosyl protection can be employed
since ammonolysis of nitro arginine has been shown to lead to the
formation of ornithine containing side products (Kunzi, Manneberg and
Studer 1974).

Enzymatic hydrolysis was done in order to check for

racemization.

Synthesis of Boc-Val-O-Resin.

The Boc-valinate resin was pre

pared according to the method of Marglin (1971).

To 10.0 g of chloro-

methylated polystyrene-co-l%-divinylbenzene resin (LS 601 Merrifield
Resin, Lab Systems, Inc., San Mateo, California, 200-400 mesh, 1.06
mmole Cl/g) in 60 ml dimethyIformamide was added 10 g Boc-valine (46
mmole) and 1.25 ml triethylamine (9 mmole).

The mixture was shaken

for 73 hours on a wrist action shaker after which time the resin was
filtered and washed successively with dimethylformamide, ethanol,
acetic acid, ethanol and methylenechloride.

vacuo overnight.

The resin was dried in

The level of Boc-valine substitution was determined

to be 0.23 mmole/g resin.

To increase the amount of substitution the

aforementioned procedure was followed for 48 hours using 9.5 g of Bocvalinate resin, 1.44 g Boc-valine (6.6 mmole) and 0.83 ml triethylamine (6.0 mmole); the substitution was increased to 0.35 mmole/g
resin.
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Synthesis of Sex(Bzl)-Ala~Arg(Tos)-Leu-Gln-Arg(Tos)-Leu-LeuGln-Gly-Leu-Val-OCHg/NH^,.

The solid phase synthesis of the title com

pound was performed on a Vega Model 95 Synthesizer, an automated ma
chine similar to that described by Hruby, Barstow and Linhart (1972).
The preparation was done on a 1.05 mmole scale (3.Og) Boc-valinate
resin, and the cycles of deprotection, neutralization and coupling,
as well as the washing steps, are outlined on Tables 1 and 2 of Chap
ter 2.

The DCC coupling times were 30 minutes:30 minutes and active

ester couplings went overnight.

A 3-fold excess of amino acid (total)

and a 4-fold excess of DCC (total) was used in the two couplings
(Table 1), except for active ester couplings (Table 2) in which a
single, 4-fold excess was employed.
carried out with 30 ml portions.

All reactions and washes were

Prior to each deprotection step,

the extent of1coupling was determined by the ninhydrin test, and in
all cases the test was negative indicating > 99.4% coupling.

The

first arginine and the fourth leucine couplings required three portions
of amino acid instead of the usual two (as indicated in Table 1) to
give a negative ninhydrin test.

After the last coupling the termi

nal Boc group was removed (Table 1, Steps 1-6), and the peptide-resin
was filtered, washed with methylenechloride, and dried in vacuo over
night.

The increase in weight of the resin was 1.33 g (> 78%).

The

peptide-resin was added to a flask containing 100 ml of anhydrous
methanol which had been saturated with ammonia (freshly distilled from
sodium) at -5°.

The flask was sealed tightly and stirred for three

days at room temperature.

The solvents were removed by rotary

evaporation in vacuo, and to the dry peptide and resin mixture was
added 75 ml dimethylformamide.

The peptide-resin was stirred for six

hours at 45° after which time the resin was filtered.
the resin was 3.1 g (theoretical 2.8 g).
trated and dried in vacuo.

The weight of

The filtrate was concen

The residue proved to be insoluable in

ethanol and pyridine so it was precipitated out of dimethylformamide
on addition of ether.

The white precipitate was filtered, washed with

ether and dried in vacuo overnight.

There was obtained 1.07 g (62%)

of the title compound, mp 214-219°.

The peptide, in several portions,

was gel filtered on a column (1.1 x 82 cm) of Sephadex LH-20 using 50%
acetic acid as the elution solvent.

One peak was obtained for all the

gel filtrations, and after the peptide material was pooled and lyophilized, 1.00 g was obtained.
molar ratios:

Amino acid analysis gave the following

serine, 0.83 (1); glutamic acid, 2.03 (2); glycine, 1.08

(1); alanine, 0.97 (1); valine, 1.13 (1); leucine, 3.92 (4).

Develop/

ment on the tic in systems I and II gave single spots with R^=0.35 and
R.£=0.80, respectively.

Synthesis of Secretin.^

^,^-Methyl Ester/Amide.

The protecting

groups were removed by treating the protected title compound (10 mg,
5.7 mmole) with sodium in liquid ammonia (freshly distilled from sodium)
until a blue color persisted for three minutes.

Excess sodium then was

destroyed with trifluoroacetic acid, and the ammonia was removed by
evaporation under a nitrogen stream followed by lyophilization of the
final 15 ml.

The white powder was gel filtered on a column (1.1 x 60

cm) of Sephadex G-15, and after lyophilization of the peptide peak,
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5.9 rag (77%) was obtained. Development on tic in systems I and II
gave single spots with R_^=0.58 and R^O.69, respectively.

Enzymatic Hydrolysis of'Secretin^ ^ - Methyl 'Ester/Amide by
Amino Peptidase M .

To a solution of 0.85 ml of 0.05 M NH^OAc-O.02 M

mercaptoethanol, pH 5.3 was added 1.0 mg of title compound and 0.05 mg
of papain.

The mixture was incubated for two hours at 37°.

The

papain was inactivated by addition of 1 ml acetic acid and the solu
tion was lyophilized.

The partially digested peptide was dissolved in

0.8 ml of 0.2 M trimethylamine acetate-0.02 M mercaptoethanol, pH 8.2,
and amino peptidase M (1.5 mg) was added.

After three hours 1 ml ace

tic acid was added and the mixture was lyophilized.
ysis gave the following molar ratios:

Amino acid anal

glycine, 1.04 (1); alanine,

0.96 (1); valine, 0.20 (1); leucine, 3.09 (4); arginine, 1.92 (2).
The digest was repeated with conditions similar to the above
except after the amino peptidase M digest another 1.5 mg amino pepti
dase M was added, and after three hours the solution was acidified
and lyophilized.

Amino acid analysis gave the following molar ratios:

glycine, 1.08 (1); alanine, 1.04 (1); valine, 0.38 (1); leucine, 3.56
(1) ; arginine, 1.89 (2).

Enzymatic Hydrolysis of Secretin.^
Leucine Amino Peptidase.

^ - Methyl Ester/Amide by

The title compound was dissolved in 0.5 ml

water and 0.5 ml 2% ammonium bicarbonate was added.

To the dissolved

peptide was added 0.02 ml trypsin solution (2 mg/ml in 0.05 M Tris-Cl,
pH 7.6) and the mixture was incubated at room temperature.

After two
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hours and four hours incubation time, 0.02 ml trypsin solution was
added each time, and after a total of six hours the solution was lyophilized.

The residue was dissolved in 1.0 ml water, heated for six

minutes in boiling water to inactivate the enzyme, and lyophilized.
Leucine amino peptidase (0.25 mg) was placed in 1.0 ml 0.025 M TrisC1-0.0Q5 M MgCl^ pH 8.5.

The solution was incubated for three hours

at 40°, and 0.4 ml of this activated enzyme solution was added to the
trypsin treated peptide, which had been dissolved in 0.6 ml 0.025 M
Tris-Cl-.0.005 M MgCl^, pH 8.5.
hours at 40°.

The digestion was carried out for 24

The mixture was heated in a boiling water bath for two

minutes to inactivate the enzyme and then was lyophilized.
analysis gave the following molar ratios:

Amino acid

arginine, 2.04 (2); glycine,

1.06 (1); alanine, 0.89 (1); valine, 0.55 (1); leucine, 3.67 (4).
The digest was repeated with the same conditions as above
except that 0.6 ml of leucine amino peptidase solution was added to
0.4 ml of the dissolved peptide, and the incubation time was 30 hours.
Amino acid analysis gave the following molar ratios:

arginine, 1.98

(2); glycine, 1.00 (1); alanine, 1.01 (1); valine, 0.77 (1).; leucine,
3.90 (4).

Study of Secretin- ^^y
Methyl Ester/Amide Formation
Since enzymatic hydrolysis of esters proceeds much more slowly
than amides (Delange and Smith 1971), it was suspected that the methyl
ester, and not the desired amide, was mostly formed as determined by

the low valine content found after enzymatic hydrolysis.

Since the

amount of valine increased as reaction times and enzyme concentrations
were increased, racemization was ruled out and methyl ester formation
was suspected.

For this reason the synthesis of secretin^ ^

was

repeated in the same manner as described above on 4.2 g (1.34 mmole)
Boc-valinate resin.

After the synthesis the resin (6.1 g--86% weight

gain) was divided into several portions.

Ammonolysis was carried out

for three days, seven days and 14 days.

Also transesterification with

methanol and cleavage with hydrogen fluoride were performed on portions
of the protected peptide-resin.

A portion of peptide from the three

day ammonolytic cleavage was subjected to ammonolysis for seven days,
and some peptide-resin corresponding to secretin^ ^
the synthesis of secretin^ ^

was removed from

described in Chapter 2 (benzhydrylamine

resin) and was cleaved with liquid hydrogen fluoride.

Ammonolytic Cleavage for Three Days. A 1.0 g (0.22 mmole)
portion of Ser (Bzl)-Ala-Arg(Tos)-Leu-Gln-Arg(Tos)-Leu-Leu-Gln-Gly-LeuVal-O-resin was placed in a flask containing 100 ml of anhydrous meth
anol which had been saturated with anhydrous ammonia (freshly distilled
from sodium) at -5°.

The flask was sealed tightly and stirred for

three days at room temperature.
previously.

The work-up was the same as described

The cleaved protected peptide (100 mg, 0.057 mmole) was

treated with 10 ml liquid hydrogen fluoride in the presence of 1 ml
anisole for 90 minutes at 0°.

After gel filtration of the deprotected

peptide on a column (1.1 x 98 cm) of Sephadex G-15, 60 mg (77%) white

66

powder was obtained.

The analytical data is discussed later in the

Experimental Section of this chapter.
Ammonolytic Cleavage'for'Seven Days.

The protected secretin^^
16-27

-resin (1.0 g, 0.22 mmole) was placed in 80 ml methanol saturated with
ammonia and was cleaved in the same manner as described for the three
day cleavages.
obtained.

On precipitation 0.275 g (71%) protected peptide was

After liquid hydrogen fluoride cleavage of 100 mg (0.057

mmole) protected peptide and gel filtration, as described previously,
58 mg (74%) white powder was obtained.

The analytical data is dis

cussed later in the Experimental Section of this chapter.

Ammonolytic Cleavage for 14 Days.

The protected secretin^

-resin (1.0 g, 0.22 mmole) was placed in 80 ml methanol saturated with
ammonia as described above. On precipitation 0.27 g (70%) protected
peptide was obtained.

After liquid hydrogen fluoride cleavage of 100

mg (0.057 mmole) protected peptide and gel filtration, as described
previously, 58 mg (74%) white powder was obtained.

The analytical

data is discussed later in the Experimental Section of this chapter.

Cleavage of Secretin^ ^y from Resin by Transesterification.
The general method for transesterification of a peptide from a resin
was followed (Blake, Crooks and Li 1970) . Secretin^ ^ - x e s i n (1.0 g,
0.22 mmole) was placed in 61 ml of a meth ano1-dime thy1formami detriethyl amine (25:25:11) mixture.

The methanol and dimethyIformamide

were anhydrous, and the triethylamine was distilled from ninhydrin.
The mixture was stirred for four days at 42°; after which time the
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resin was filtered, and the filtrate was concentrated in vacuo.

The

resulting oil was dissolved in 5 ml dimethylformamide and the peptide
was precipitated on addition of ether.

After isolation of the precip

itate, 285 mg (74%) of the peptide methyl ester was obtained.

Hydro

gen fluoride cleavage of 150 mg (0.085 mmole) of the protected peptide
methyl ester and gel filtration, as described above, yielded 95 mg
(82%) white powder.

The analytical data is presented later in the

Experimental Section of this chapter.

Ammoholysis of Secretin.^

^^^OCH^/NH^ from Three Day Cleavage.

The cleaved protected peptide from the three day ammonolytic cleavage
was subjected to ammonolysis according to the general procedure of
Blake et al. (1970) for the ammonolysis of methyl esters.

To an 80

ml solution of dimethyIformamide-water-ethyleneglycol (37:17:26)
which was saturated with ammonia (freshly distilled from sodium) at
-5° was added 100 mg (0.057 mmole) of the protected peptide.

The

stopper was wired down and the mixture was stirred for two days at
room temperature, after which time the solution again was saturated
with ammonia and left for three days.

All solvents, except ethylene-

glycol, were removed by rotary evaporation in vacuo.

The peptide was

precipitated from ethyleneglycol by addition of ether and the precip
itate was isolated by centrifugation.
(70%) was obtained.

After drying in vacuo, 70 mg

Hydrogen fluoride cleavage of 31 mg (0.018 mmole)

of the protected peptide and gel filtration, as described previously,
yielded 16 mg (67%) white powder.

The analytical data is presented

later in the Experimental Section of this chapter.
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Hydrogen'Fluoride'Cleavage of Secretin - „„ from the Resin.
-----------------------1O-Z / -:
---Secretin^ _ 2 7 ""res;i-n (0.3 g, 0.066 nmole) was cleaved for 90 minutes at
0° in the presence of 10 ml hydrogen fluoride and
cleaved peptide was gel filtered

1

on a column (1.1 x

mlanisole.

The

98cm) of Sephadex

G-.15 using 30% acetic acid as the elution solvent, and after lyophilization of the peptide peak, 68 mg (57%) was obtained.

The analytical

data is presented later in the Experimental Section of this chapter.
‘
Synthesis of Secretin^^ ^

<
.
Amide from a Benzhydfylamine Resin.

A portion (0.43 g, 0.052 mmole) of the resin used in the synthesis of
secretin^_2j, as described in Chapter 2, was removed from the synthesis
and cleaved with liquid hydrogenfluoride for 70 minutes at 0°.
cleaved peptide was gel filtered

on a column (1.1 x

The

98cm) of Sephadex

G-.15 using 30% acetic acid as the elution solvent, and after lyophilization of the peptide peak, 40 mg (57%) was obtained.

The experimental

data is presented later in the Experimental Section of this chapter.

Amino Acid Analysis of Secretin^

^

Derivatives.

The results

of acid hydrolysis from the secretin^^_2y derivatives prepared are
presented in Table 3.
of secretin^ ^

Enzymatic (leucine amino peptidase) hydrolysis

from the three day ammonolytic cleavage followed by

ammonolysis gave the following molar ratios on amino acid analysis:
arginine, 2.01 (2); glycine, 0.99 (1); alanine, 0.83 (1); valine, 1.03
(1); leucine 4.11 (4).

Table 3.

Amino Acid Analysis of Secretin^^_2y Derivatives

OH

0CH3

nh2

3-Day

7-Day

14-Day

3-Day
Ammonolysis

Theoretical

Ammonia

1.92

1.97

3.00

2.11

2.26

2.47

2.85

*

Arginine

1.95

1.92

2.00

1.97

1.98

1.92

2.00

2.00

Serine

0.81

0.72

0.73

0.76

0.76

0.72

0.77

1.00

Glutamic Acid

2.15

2.07

2.04

2.17

2.11

2.14

2.05

2.00

Glycine

1.02

1.00

0.97

1.03

1.01

1.00

0.99

1.00

Alanine

0.96

0.93

0.97

0.94

0.94

0.92

0.96

1.00

Valine

1.01

1.00

0.99

1.01

0.96

1.02

1.03

1.00

Leucine

4.14

4.10

4.07

4.01

4.01

4.02

4.06

4.00
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Thin Layef'Chromatogxaphy'of Secretin^^ ^
opment on tic chromatograms of secretin^ ^

Derivatives.

Devel

from the three-day ammono-

lytic cleavage and from the benzydrylamine resin failed to show any
consistent differences in
V; the

values in solvent systems I, II, III and

values were respectively;

single spots were observed.

0.24, 0.60, 0.60 and 0.95 and

However, in solvent system IV the amide

consistently had a lower R^ (0 .22) than the major peptide product from
ammonolytic cleavage (0.27).

Solvent system IV was used to determine

the amount of amide formation by chromatographing secretin^
secretin^ ^

methyl ester and secretin^ ^

amide,

from the three-day,

seven-day, two-week and three-day cleavage followed by ammonolysis for
five days.

Secretin , o„-0CH„ had an R =0.27, and the four different

ammonolytic

cleavages showed increase in amide content parallel to

lb-z/

u

that recorded by amino acid analysis,

(x

with the latter product nearly

completely converted to carboxamide terminal peptide.

Synthesis of Secretin^,, .-^-OCH^/NH^.
In order to see whether the solid phase fragment secretin^
was viable for a stepwise or fragment condensation synthesis of secre
tin, the addition of Boc-Asp-OBzl by classical procedure to secre
tin _ o--0CH /NIL from the initial synthesis (three-day ammonolytic
lb-I /
o
1
cleavage) was performed.

Synthesis of Boc-Asp(OBzl)-Ser(Bzl)-Ala-Arg(Tbs)-Leu-Gln-Arg
(Tos^Leu-Leu-Gln-Gly-Leu-Val-OCH^/NH^.

The title compound was pre

pared by dissolving Ser(Bzl)-Ala-Arg(Tos)-Leu-Gln-Arg(Tos)-Leu-Leu
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G1 n^Glyr-.Len-.Va1-'OCH^/NH£ (200 jrag^ 1.14 mmole) in 2 ml dimethyl.formamide, and N-jnethyIjnoxpholine was added until pH 7 was reached.

A two

fold excess (94 mg, 0.228 mmole) Boc-Asp(OBzl)-ONSu and two equivalents
(27 mg) of 1-hydroxybenzotriazole were added along with four drops Nmethylmorpholine.

After 24 hours another -equivalent of the protected

amino acid and 1-hydroxybenzotriazole was added and the mixture was
stirred for 24 hours.

The mixture was gel filtered on a column (1.1 x

82 cm) of Sephadex LH-20 using ethanol-benzene (99:1).

The peptide

peak was lyophilized and 202 mg (86%) of product was obtained.
acid analysis gave the following molar ratios:

Amino

ammonia, 2.49 (3);

arginine, 1.97 (2); aspartic acid, 0.94 (1); serine, 0.82 (1);
glutamic acid, 2.12 (2); glycine, 1.03 (1); alanine, 0.99 (1); valine,
1.02 (1); leucine, 4.09 (4).

Development on tic in systems I and II

gave single spots with R^=0.75 and 0.77, respectively, with no trace of
the starting peptide (R^O.24 and 0.60, respectively).

Synthesis of Secretin^ g
A new method for cleavage of peptides from a Merrifield resin
by transesterification was reported by Barton, Lemieux and Savoie
(1973).

Cleavage of the peptide from the resin is by 2-dimethylamino-

bthanol with subsequent base catalyzed hydrolysis of the peptide ester
to give the free C-terminal carboxyl group.

The method appeared to be

applicable for the preparation of the desired smaller protected secre
tin fragments by the solid phase method.
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Synthesis of Boc-.Sef (Bzl) -O-.Resin.
pared by the method of Marglin .(197J.) .

The title compound was pre

To 20.0 g of chloromethylated

polystyrene-co-1%-divinylbenzene resin (LS 601 Merrifield Resin, Lab
Systems, Inc., San Mateo, California, 200-400 mesh, 106 mmole Cl/g
resin) in 150 ml dimethylformamide was added 5.9 g (20 mmole) Bocserine (Bzl) and 2.5 ml (18 mmole) triethylamine.

The mixture was

shaken on a wrist action shaker for six days after which time the resin
was filtered and washed successively with dimethylformamide, ethanol,
acetic acid, ethanol and methylenechloride.

vacuo overnight.

The resin was dried in

The level of amino acid substitution was determined

to be 0.16 mmole/g resin.

To increase the substitution the previously-

described conditions were followed for 19 days.

The substitution value,

after the increased reaction time, was 0.54 mmole/g resin.

Synthesis of Boc-Gly-Thr(Bzl)-Phe-Thr(Bzl)-Ser(Bzl)-OH.

The

synthesis of the title compound was performed on a Vega Model 95 Syn
thesizer.

The preparation was done on a 2.7 mmole scale (5.0 g Boc-

Ser(Bzl)-resin).

The cycles of deprotection, neutralization and cou

pling, as well as the washing steps, were performed as outlined in
Table 1.

The DCC coupling times were 30 minutes:30 minutes and a 3-

fold excess of amino acid (total) and a 4-fold excess of DCC (total)
was used in the two couplings (Table 1).
carried out with 40 ml portions.

All reactions and washes were

Prior to each deprotection step, the

extent of coupling was determined by the ninhydrin test, and in all
cases the test was negative indicating > 99.4% coupling.
synthesis the peptide-fesin was filtered, washed with

After the
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methylenechloride, and dried in vacuo overnight.
weight of the resin was 0.55 g (98%),

The increase in

The peptide was cleaved from

the resin by stirring 0.5 g of the peptide-resin in 3 ml of a thallous
2-dimethylaminoethoxide solution for two days at room temperature.
Then the resin was filtered off and the filtrate was concentrated in

vacuo.

The resulting oil was gel filtered on a column (1.1 x 98 cm) of

Sephadex G-15 using 50% acetic acid as the elution solvent.

The peptide

peak was lyophilized, and then the 2-dimethylaminoethyl peptide ester
was hydrolized by dissolving it in 8 ml of a dimethylformamide-water
mixture (1:1) and adding 2 mg imidazole as a catalyst.

The mixture was

stirred for five days at room temperature after which time the contents
were concentrated in vacuo.

The resulting oil was gel filtered on a

column (1.1 x 60 cm) of Sephadex LH-20 using 50% acetic acid as the
elution solvent.

Proton nuclear magnetic resonance on a Bruker WH-90

of peaks from the Sephadex LH-20 gel filtration showed that good sepa
ration of the ester from the free acid had occurred, as shown by the
disappearance of the dimethylamino group in the acid peak spectrum and
its presence in the spectrum of the unhydrolized peptide peak.

The

acid peptide peak was lyophilized and 46 mg (26%) white powder was ob
tained.

Amino acid analysis gave the following molar ratios:

threonine,

2.01 (2); serine, 0.97 (1); glycine, 1.03 (1); phenylalanine, 0.98 (1).
Thin layer chromatography in solvent system I gave single spots for
4
both the peptide acid (R^=0.82) and the peptide ester (R^.=0.74) .
Leucine amino peptidase hydrolysis of a sample of the free peptide
acid, which had been deprotected by hydrogen fluoride and gel filtered.
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gave the following ^nolar ratios;

threonine, 2.00 (2); serine, 0.84

(1); glycine, 1.11 (1); phenylalanine, 1 JL3 .(1).

Discussion
Contrary to what Bodanszky (1973b) had found, a large secretin
fragment can be cleaved from an unmodified Merrifield resin by ammonolysis.

The present work was on a dodecapeptide resin, while that of

Bodanszky was on a tridecapeptide resin.

When the tridecapeptide resin

was synthesized in our laboratory using the dodecapeptide resin de
scribed in this chapter and similar protecting groups as those used by
Bodanszky (including aspartic acid (0-benzyl) which would be converted
to asparagine under our ammonolytic conditions), comparable yields to
those obtained in our dodecapeptide synthesis

were obtained for the

tridecapeptide after a three-day ammonolysis. No reason can be given
as to why cleavage occurred with this synthesis and not with Bodanszky's.
In making secretin^

amide, prolonged ammonolysis of the

peptide from the resin (two weeks) only resulted in a 50% conversion of
the methyl ester to the amide with a slight increase in the amount of
cleaved peptide from the resin as compared with the three-day cleavage.
The best method found for preparing protected secretin^^y-NI^ was by
ammonolysis followed by treatment with an ammonia saturated solution of
•dimethylformamide-water-ethyleneglycol, where an overall yield o f .46%
was obtained.

In the future an even better result probably would be

obtained by cleaving the protected peptide from the resin by methanolic
transesterification, and then converting the resulting protected
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peptide ester to the amide by ammonolysis of the peptide in an am
monia saturated solution of dimethylformamide-water-ethyleneglycol;
overall yields of 55% can be expected.

Yields from this method are

much greater than those obtained when using a modified support for
ammonolysis (Bayer et al. 1971) as described in the beginning of this
chapter.

The yield is also better than the yield (41%) obtained for

secretin^ ^

using the REMA method as reported by van Zon and Beyer-

man (1973) .
Amino acid analysis and thin layer chromatography were found
to be helpful in determining the relative amounts of methyl ester and
amide present in the different secretin^ ^

peptides.

In our labora

tory ammonia values have sometimes been found to be not very reliable.
With this in mind, and since secretin^^_2y™®thyl ester should.have an
ammonia value one less than secretin^^^y&mide, secretin^ 27-OH and
secretin^g_27_^ 2

(PrePared from a benzhydry 1amine resin) were analyzed

along with the different preparations of secretin^ ^

to make sure

that the ammonia peak was giving an accurate reading of the amount of
ammonia in the sample.
monia standard.

Secretin^^_2y-0CH^ also was a reliable am

As seen in Table 3, the ammonia peak did prove to be

an accurate indicator of the number of carboxamide groups in the dif
ferent samples.

Of all the solvent systems tried for thin layer chroma

tography, only the butanol-acetic acid-water (2 :1 :1) system resolved
the ester from the amide.

Visualization of the spots following treat

ment with ninhydrin agreed well with the amino acid analysis data.
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After secxetin^_g was made by cleavage of the peptide from the
resin by transesterification with 2-dimethy1aminoethano1 and subsequent
hydrolysis of the ester, a paper (Savoie and Barton 1974) reported that
racemization (5%) takes place when serine, threonine, phenylalanine,
aspartic acid or cysteine are the C-terminal amino acids.

Since the

secretin^g prepared theoretically is partially racemized and the
yields of the protected peptide free acid low, this method of trans
esterification is not attractive to synthesize small secretin fragments.
Also, when secretin^

C-terminal arginine, was prepared by solid

phase in our laboratory, no peptide could be cleaved from the resin
using this method (Agarwal, personal communication).
In doing a solid phase fragment condensation approach to the
synthesis of secretin, it appears that the best strategy is to prepare
secretin^g^y amide in the same manner as described above for the
preparation of secretin^

For incorporation of aspartic acid, the

o-nitrophenylsulfenyl (Nps) group should be. used for alpha amino pro
tection and the t-butyl group for the side chain acid.

The Nps group

can be selectively cleaved leaving the t-butyl group intact, as dis
cussed in Chapter 2, and the t-butyl protecting group is resistant to
transesterification and alkaline hydrolysis.

Secretin fragments 1-8

and 9-14 can be prepared in like manner but with basic cleavage of the
resulting C-terminal methyl ester to give the free acid.

Alternatively,

secretin^ yy could be prepared on a benzhydrylamine resin; this would
save time in converting the methyl ester to the amide, and there are
no amino acids with functional groups present in this segment.

The

secretin fragments 1-8, 9-14 and 15-21 could be prepared as described
above.

Secretin fragments 9-14 and 15-21 have the same C-terminal

amino acid, arginine; thus simplifying resin preparation.

CHAPTER 4

INTRODUCTION:

GLUCAGON

Glucagon is a single-chain polypeptide hormone of 29 aonino acid
residues with a molecular weight of 3485.

It was suggested by Kimball

and Murlin (1923) that the contaminant found in pancreatic extracts,
which caused a short-term hyperglycemic effect, might be due to a
second compound and not to a paradoxic action of insulin.
this contaminant glucagon or mobilizer of glucose.

They called

Its primary se

quence was established by Bromer, Sinn and Behrens (1957) and is iden
tical in many species, including man, pig, rat, cow and camel, while
differing slightly in some avain species (see Figure 3).
forms of glucagon:

There are two

the above-mentioned pancreatic glucagon, which is

secreted from the alpha cells of the islets of Langerhans in the pan
creas; and gut glucagon which appears to be similar to pancreatic
glucagon by biologic and immunometric methods, and is formed in specif
ic cells of the digestive tract which are ultrastructurally indistin
guishable from the pancreatic alpha cells (Sasaki, Rubalcava and
associates 1975).

There is some evidence that glucagon may be secreted

as a higher molecular precursor since high molecular weight polypep
tides containing the structure of glucagon have been found (Hew and Yip
1976).

Most work, including that presented in the dissertation, has
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been done with pancreatic glucagon, and unless otherwise designated,
glucagon and pancreatic glucagon are synonymous.
Glucagon serves as a hormone of fuel mobilization giving
energy-yielding substrates to satisfy tissue needs in the fasting
state, extended starvation and physical exertion.

In the liver its

biological action is glycogenolysis or the breakdown of glycogen to
give glucose while in adipose tissue it is glyconeogenesis or the
production of glucose from the breakdown of fatty acids.

Glucagon

stimulates glycogenolysis and inhibits glycogen synthesis by first
binding to the hepatic plasma membrane; this leads to the activation
of the enzyme adenylate cyclase which converts adenosine triphosphate
to cyclic 3 %

S'"- adenosine monophosphate (c-AMP) . According to

Sutherland, Rail and Menon (1962) c-AMP acts as an endocellular second
messenger conveying the stimulus delivered by glucagon on the surface
of the cell to the effector enzymes in the cytoplasm.

Here, the pri

mary action of c-AMP is to activate several protein kinases that in
turn catalyze the phosphorylation of several enzymes.

In this cascade

effect the net result is the inhibition of the enzyme glycogen syn
thetase and the breakdown of glycogen to yield glucose.

It has been

calculated that one molecule of glucagon stimulates the production of
one and one-half million molecules of c-AMP and the release of about
three million molecules of glucose from hepatic glycogen (Foa 1973).
The mechanism by which glucagon stimulates lipolysis follows the same
cascade pattern as described above for glycogenolysis except at the end
of the cascade a protein kinase activates a glyceride lipase which
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results in glycerol and free fatty acids.

The free fatty acids are

converted to acetyl-coenzyme A which is used to form glucose.
Other biological effects of glucagon include depression of
appetite, augmentation of the renal excretion of most ions producing
osmotic diuresis, stimulation of the release of potassium from the
liver, lowering of the concentration of serum phosphate, and stimula
tion of the release of growth hormone from the anterior pituitary and
of catecholamines from the adrenal medulla.

Also glucagon acts on

the beta cell stimulating the release of insulin and on the
/

myocardium where it has chronotropic and inotropic effects.
Recently glucagon has been found to play a major role in the
disease diabetes mellitus (Unger et al. 1970).

Originally it was

thought that diabetic glycemia was due to a decrease in the amount of
insulin in the blood stream, but research has shown that whereas in
sulin normally is deficient in diabetes, glucagon usually is present
in excess, and this excess of glucagon is a cause, not an effect, of
the disease.

Somatostatin, a newly discovered hormone, suppresses the

release of both insulin and glucagon (Koerker et al. 1974).

The somat

ostatin induced suppression of glucagon was found to restore blood
sugar concentration to normal and alleviate certain other symptoms of
diabetes.

Glucagon also is involved in diabetic ketoacidosis or the

increased production of ketone bodies (Alberti, Iverson and Christen
sen 1974) .

The release of ketone bodies into the blood lowers its pH,

inducing a coma.

Again, it appears that an elevated concentration of

glucagon is a major factor in producing this ketoacidosis state.
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'HoCTorie^Recfeptor'Interactions ■
Before the discovery of the" hormone sensitive adenylate
cyclase systems, the only way to study hormone-receptor interactions
was by using intact cells or organs and measuring only the final
response.

As discussed above, there are many reactions leading to

the final response making it difficult to study hormone-re cep tor
interactions.

Feedback regulations, diffusion barriers, etc., also

present problems in studying hormone-receptor interactions.

Thus

when Sutherland et al. (1962) found that in cell-free systems membrane
bound adenylate cyclase exhibited the same specificity as the target
cells from which they had been derived, a system was found which made
it possible to focus on hormone-receptor interactions.
A receptor is an element of the target cell that specifically
recognizes and binds the hormone and, as a consequence of this recogni
tion, leads to other changes which ultimately result in the biological
response.

This is analogous to the classical enzyme-substrate systems

in which substrate binding and catalysis are separate but sequential
processes which can be studied independently.

Once an active hormone-

receptor complex is formed, a stimulus is generated which leads to the
desired biological response (in this case is the formation of c-AMP
from adenosine triphosphate).

The generation of the stimulus from the

hormone-receptor to the catalytic unit is not well understood, although
this so-called coupling process appears to be dependent on phospho
lipids in the cell membrane (Pohl, Krans and associates 1971).
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Several models have been proposed which attempt to explain the
interaction process of a hormone with its receptor (Rudinger, Pliska
and Krejci 1971; Burgen, Roberts and Feeney 1975; Cuatrecasas et al.
1975; Hammes and Rodbell 1976).

The participation model assumes the

hormone molecule itself, or some portion of it, participates in the
molecular event of stimulus generation by completing an enzymatically
active site or a metal chelating site whose other groups pre-exist in
the receptor.

In the allosteric model the binding of the hormone

induces a conformational change in the receptor which then generates the
stimulus.

In contrast to the above model, the hormone does not directly

participate in the activation.

In this respect antagonists, which act

as competitive inhibitors, provide insight into the process of stimulus
generation since they have retained the structural elements required
for binding to the receptor but have lost a structural feature neces
sary for initiation of the stimulus.

In the zipper model a portion of

the hormone is necessary for initial binding.

Once this;portion has

bound, changes may occur in the receptor that make it amenable to
binding the rest of the hormone, or this initial binding of the hormone
may reduce the number of possible conformations and thus help freeze in
the preferable active conformation of the hormone.

It has been thought

that the receptor-coupler-enzyme are all one unit in the cell membrane;
that is, there may not be a separate receptor.

However, the adenylate

cyclase enzyme may be a single component with possible multisubunits in
which there is a regulatory unit for peptide hormones.

In the mobile

receptor hypothesis, however, the receptors and the enzyme are separate

structures not coupled together, but acquire specificity and affinity
for complex formation only after the receptor has been occupied by the
hormone.

The separate structures can combine after hormone binding

due to the fluidity of cell membrane structures.

Each of the above

models has been proposed for the mechanism of glucagon action, but as
yet no model or combination of models has won widespread acceptance.
Two adenylate cyclase systems, the rat liver membranes and the
fat cell ghosts, have been used to study the action of glucagon.- The
rat liver plasma membranes are stimulated by 5

guanyly 1-imidodiphos-

phate, fluoride, epinephrine, insulin and glucagon- (Birnbaumer 1973).
Secretin, vasopressin, thyroid-stimulating hormone, parathyroid hor
mone and growth hormone--all were found to be ineffective.

Glucagon

and epinephrine both interact with a receptor on the outer surface of
the plasma membrane while fluoride and S'"-guany ly 1-imi do d ipho sph at e
appear to act directly on the catalytic unit exposed on the inside sur
face of the membrane.

Half maximal stimulation of enzymatic activity

is obtained with as little as 4 x 10

-9 "

M glucagon; the reaction of hor

mone with receptor is reversible, and the proportion of enzyme in the
stimulated state depends on the concentration of free hormone in the
medium..

In contrast, the fat cell ghost is stimulated by many differ

ent hormones including glucagon, secretin, epinephrine, adrenocopticotropin, leuteinizing hormone, vasoactive intestinal polypeptide
and insulin. Also the ligands, guanidine triphosphate and fluoride,
act in the same manner on the fat cell ghosts as they do on the liver
plasma membranes.

Each hormone has a separate receptor site, but all
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the receptors are linkecUup to a single adenylate cyclase system
since the addition of two or more hormones at maximally stimulating
concentrations do not produce the additive effects as if each were
taken singularly.

Since the liver membrane is not stimulated by as

many different hormones as the fat cell ghost and has a reliable bind
ing assay, it is easier to study glucagon derivatives using this
system.

Structure-Function Relationships
An understanding of the nature of the glucagon-receptor inter
action also depends on a conformational description of the hormone
when it is bound to the receptor.
10 ^

At physiological concentrations, 'v.

M f glucagon exists as a monomer, and in dilute aqueous solution

monomeric glucagon does not have a stable globular structure but is a
flexible chain existing as an equilibrium population of conformers con
taining about 15% a-helix (Panijpan and Gratzer 1974).

As the concen

tration of glucagon is increased in solution, glucagon molecules take
on an associated state forming trimers^which possess high a-helical
content.

In 6 M guanidine hydrochloride the helical content is destroy

ed, and from nuclear magnetic resonance studies it is deduced that the
long aliphatic side chains near the C-terminal end are responsible for
the helix formation (Gratzer et al. 1968) .

Circular dichroism has

shown the helical structure is stabilized by lysolecithin (Schneider
and Edelhock 1972a) and glycols (Contaxis and Epand 1974), both of
which increase the hydrophobic environment of the glucagon molecule.
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Since the glucagon-receptor interaction is decreased on addition of
urea and with reduced temperature, it is implied that the glucagonreceptor complex is stabilized by hydrophobic interactions (Birnbaumer5
Pohl and Rodbell 1968).

Recently an x-ray analysis of glucagon was

completed at 3.0 % resolution (Sasaki, Dockerill and associates 1975).
It showed well defined helical regions corresponding to residues 10-25
of the glucagon molecule and large volumes of low density corresponding
to regions of solvent.

Residues one through five appeared flexible,

while the conformations of the non-polar residues in the regions 6-14
and 22-27 showed heterologous contacts between the two groups of
hydrophobic residues to give hydrophobic regions; this packing seems
to form a trimeric arrangement. The receptor bound glucagon may have
a similar conformation stabilized by the interaction of glucagon with
two hydrophobic regions on the receptor.

A predicted conformation of

glucagon concluded that in dilute form glucagon has an a-helix region
residing in residues 19-27, but on aggregation this region is converted
into a (3-sheet (Chou and Fasman 1975) .

It was proposed that on inter

acting with the receptor the beta conformation is induced.
Besides physical studies on the conformation of the hormone,
knowledge of the regions or functional groups on the hormone which are
involved in binding only and which are required for the biochemical
stimulus also is necessary for a complete understanding of hormonereceptor interactions.
categories:

Modifications of a hormone fall into two broad

changes in the peptide chain length, and changes in the
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side chains and terminal functional groups.

These changes are brought

about either by enzymatic or chemical means.
A list of the various glucagon derivatives that have been made
and studied on rat liver membranes is presented in Table 4.

A list of

glutagon derivatives acting through lipolysis, as well as glyconeogen.es is, is given by Ass an and S lusher (1972) . Most of the derivatives
made have not been tested for their ability to bind to the receptor,
nor have highly purified derivatives been prepared.

It is not always

valid to interpret parallel log-dose-response curves as a result of
changes in potency due to binding.

Since a parallel shift of log-

dose-response might reflect differences in intrinsic activity rather
than, or as well as, differences in affinity.

Where gel filtration

and disc gel electrophoresis have been used in purification, a clean
separation of the derivative from the native hormone or reaction side
products rarely
Glucagon has been synthesized twice (Wiinsch 1967; Protein
Synthesis Group 1975), but both syntheses were laborious and no deriva
tives yet have been made by this method outside of synthetic inter
mediates.

Since glucagon is available at a reasonable price, the

native hormone is attractive as starting material for modifications.
One problem inherent in this type of study is that a steric
perturbation of the hormone molecule may take place due to the modifi
cation of a functional group, and it is this perturbation, and not the
loss of a charge, that is the reason for the change in biological
activity.

In this case the conformation of the hormone in solution

Table 4.

Activity of Glucagon Derivatives Acting on Liver Membranes.

Peptide

Purification

Activity8"

Binding

Reference

N -Boc-glucagon

Electrophoresis

35%, N.T.b

N.T.

Lande, Gorman and
Bitensky (1972).

N -Boc-glucagon

Electrophoresis

12%, N.T.

N.T.

Ditto

06
N -Garbamyl-glucagon

None

10%, F.A.0

N.T.

Epand, Epand and
Grey (1973) .

N } N -Acetyl-glucagon

None

10%, F.A.

N.T.

Ditto

{12}-Homoarginine-glucagon

None

10%, F.A.

N.T.

Ditto

Imidazole-ethoxyformylN , N -acetyl-glucagon

None

None

N.T.

Ditto

Na-Acetyl-glucagon

Ion Exchange

12%

Desbuquois (1975b).

Na , N£-Acetyl-glucagon

Ion Exchange

1%,

1%

Ditto

N , N , Tyr-acetyl-glucagon

Ion Exchange

0.1%, F.A.

0 .1%

Ditto

N -Trinitrophenyl-glucagon

None

10%, N.T.

N.T.

Epand and Wheeler
(1975).

N -Trinitropheny1{12}-homoarginine-glucagon

None

15%, N.T.

N.T.

Ditto

a and e amino groups

" 10%, F.A.
F.A.

Table 4, Continued

Activity of Glucagon Derivatives Acting on Liver Membranes.

Peptide

Purification

Na-Carbamy1-N£trinitrophenyl-glucagon

None

Na , N£-Trinitrophenyl-glucagon

Ion Exchange

Iodo-glucagon

Activity a

Binding

Reference

N.T.

Epand and Wheeler
(1975) .

0.02%, N.T.

N.T.

Ditto

Ion Exchange

100%, F .A.

100%

Rodbell, Birnbaumer
and associates (1971)

lodo-glucagon

Gel Filtration

5-10 x

N.T.

Bromer, Boucher and
Patterson (1973).

lodo-glucagon

Ion Exchange

5 x

2 x

Desbuquois (1975a).

Mononitro-glucagon

Ion Exchange

77%, F.A.

N.T.

Patterson and Bromer
(1973).

Dinitro-glucagon

Ion Exchange

22%, F.A.

N.T.

Ditto

Monoamino-glucagon

Ion Exchange

40%, F.A.

N.T.

Ditto

Diamino-glucagon

Ion Exchange

14%, F.A.

N.T.

Ditto

'23%, N.T.

Tyrosine

00

CD

Table 4, Continued

Activity of Glucagon Derivatives Acting on Liver Membranes.

Purification

Activity6 •

Binding

Reference

Glucagon tetramethylester

Gel Filtration

None

N.T.

Epand and Epand (1972^

Glucagon tetraglycineamide

Gel Filtration

None

N.T.

Ditto

Monotaurine-glucagon

Gel Filtration

15%, F.A.

N.T. .

Tetrataurine-glucagon

Gel Filtration

0.1%, N.T.

N.T.

Ditto

Ethylenediamine-glucagon

Gel Filtration

None

N.T.

Ditto

Des ami do-glucagon

Ion Exchange

60%, N.T.

N.T.

Bromer et al. (1972).

Glucagon2_27

Electrophonesis

None

10%

Rodbell, Birnbaumer
and associates (1971)

Glucagon2 27

Electrophoresis

None

N.T.

Lande, Gorman and
Bitensky (1972).

Glucagon2 27

Ion Exchange

7%

Lin et al. (1975) .

Glucagon1_21

None

None

Rodbell, Birnbaumer
and associates (1971)

Peptide

Carboxyl groups

.Wheeler, Epand and
Barrett (1974).

Fragments

- 2%, P.A.d
None

Table 4, Continued

Activity of Glucagon Derivatives Acting on Liver Membranes.

Peptide

Purification

Activity

Glucagon1_21

Partition
Chromatography

0.5%, F .A.

N.T.

This dissertation.

Glucagon^_22

Synthetic

None

N.T.

Speigel and Bitensky
(1969).

Glucagon1_23

Synthetic

0.01%, F.A.

N.T.

Epand and Grey (1973)

Glucagon20_29

Synthetic

None

None

Rodbell, Birnbaumer
and associates (1971)

Glucagon22_2g

Synthetic

None

None

Ditto

Glucagon trypic fragments

None

None

N.T.

Speigel and Bitensky
(1969).

CNBr-glucagon

Electrophoresis

18%, F.A.

N.T.

Ditto

CNBr-glucagon

Gel Filtration

10%, F.A.

N.T.

Epand and Grey (1973)

CNBr-glucagon

Partition
Chromatography

2%, F.A.

2%

This dissertation

CNBr-glucagon hydrazide

Partition
Chromatography

2%, F.A.

2%

This dissertation

Binding

Reference

Table 4 , Continued

Activity of Glucagon Derivatives Acting on Liver Membranes.

Peptide

Purification

Activity3-

Binding

Reference

CNBr-glucagon n-butylamide

Partition
Chromatography

2%, P.A.

2%

This dissertation

a.

as compared with native glucagon at half maximal activity and at high concentrations

b.

not tested

c.

full agonist

d.

partial agonist

LO
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may prove helpful, but care must be taken in extrapolating to hormonereceptor interactions.
The objective of this investigation is the preparation of
highly pure glucagon derivatives which can lead to a better understand
ing of hormone-receptor interactions.

The study includes the reaction

and purification conditions necessary for making the derivatives, as
well as investigation of the biological response and binding properties
of the derivatives.

CHAPTER 5

DERIVATIVES OF THE CARBOXYL
TERMINAL REGION OF GLUCAGON

The carboxyl terminal region of glucagon consists mainly of
hydrophobic residues which have been implicated in the binding of
glucagon to its receptor as discussed in Chapter 4.

There are two

amino acid residues in this region, aspartic acid and methionine,
which are amenable to enzymatic and chemical modifications'.
Glucagon contains only one methionine, position 27, and this
- makes a cyanogen bromide cleavage of the native hormone very attrac
tive.

The cyanogen bromide reaction was discovered by Gross and

Witkop (1962) to specifically cleave the methionine moiety in a pro
tein according to scheme given in Figure 4.

The net result of the

cleavage is the changing of methionine to homoserine lactone with fis
sion at the carboxyl portion of the amino acid.

This reaction previ-

ously has been performed on glucagon to give (Des-Met
(homoserine lactone

27

27

-Asn

28

-Thr

29

}

)-glucagon or CNBr-glucagon, but pure products

could not be acquired (Spiegel and Bitensky 1969; Epand and Grey 1973) .
In the former, case disc gel electrophoresis was used to purify the de
rivative, but amino acid analysis showed contamination from the native
hormone as determined by the presence of residual methionine.

This

preparation was 36% as active as the native hormone; the authors
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,CH
CH
1.)

His. ..Leu-HN-CH-C-NH-Asn-Thr-COO
1
26
28 29

CNBr
70% Formic Acid

His ...Leu-NH-CH1
26

ONH-Asn-Thr-COOH

Glucagon

Br
+ CNSCH

CH
CH
His. ..Leu-NH-CH-
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,CH

CH

CH

CH
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-C-NHR
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Figure 4.

Preparation of CNBr-Glucagon and CNBr-Glucagon Derivatives
VO

cn
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calculated that the contamination by native glucagon could account for
half the activity.

In the latter case gel filtration was employed,

but again it was not possible to separate the native, unreacted hor
mone from the derivative; here, CNBr-glucagon possessed 10% the activ
ity of the native hormone.

In both papers no binding studies were

performed so no information on the affinity of CNBr-glucagon for the
receptor was obtained.

Thus, since partition chromatography has been

used to give pure peptides (Yamashiro, Gillessen and du Vigneaud 1966),
and has been shown to be applicable for glucagon (Hruby and Groginsky
1971), this method was chosen to give highly pure CNBr-glucagon which
would be tested for both activity and affinity.
.A limited enzymatic cleavage of glucagon by carbonxypeptidase A
will cleave the native hormone down to aspartic acid, residue 21
(Epand 1972); aspartic acid is a poor substrate for carboxypeptidase A
(Ambler 1967a).

Bromer and Remus (1964) first prepared glucagon^

using this method.

It was found by Rodbell, Birnbaumer and associates

(1971) that this fragment was inactive in stimulating adenylate cyclase
activity, and failed to bind to the glucagon receptor.

Unfortunately,

it was not reported whether the fragment was purified, nor was any
amino acid analysis data given!

Epand and Grey (1973) made glucagon^^^

again through a limited carboxypeptidase A digestion, and after gel
filtration amino acid analysis showed 10% of the valine remaining and
5% of the methionine.

Since there was a high amount of contamination,

the activity of the fragment was not reported.
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The preparation of g l u c a g o n ^ ^ was undertaken since it appear
ed that a pure fragment had not been obtained.

Also there is a discrep

ancy in the literature concerning the activity of synthetic glucagon.
Spiegel and Bitensky (1969) found that this fragment was not able to
activate rat liver adenylate cyclase, while Epand and Grey (1973) found
that'at very high concentrations it was fully active-.

The highest con

centration that Spiegel and Bitensky (1969) used was about an order of
magnitude lower than needed to show activity according to the doseresponse curve of Epand and Grey (1973), and this may be the reason for
the reported differences although there were some differences in the
biological assay procedures as well.

A pure glucagon^^-^ would help to

understand the function of glucagon residues 22-27 which have been impli
cated to be necessary for binding (Rodbell, Birnbaumer and associates
1971).

Opening of Lactone Ring .
Since the cyanogen bromide cleavage reaction leads to the form
ation of a C-terminal lactone, it was thought that it might be possible
to use this reactive functional group for further semi-synthetic work
as shown in Figure 4.

Besides incorporating aliphatic chains and ali

phatic chains with reporter groups into the C-terminal end, information
could be gained as to the specific function of the three amino acids:
methionine, asparagine and threonine that are lost during cyanogen bro
mide cleavage by incorporating methionine, asparagine and the dipeptide
asparagine-threonine back into CNBr-glucagon. This would possibly pin
point what is necessary for complete binding of glucagon to its receptor.
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The relationship between homoserine and its lactone has been
studied by Armstrong (1949).

In basic and in neutral aqueous solution

homoserine itself is stable.' In acidic solution homoserine is in
equilibrium with its lactone, and as the solution becomes more acid,
increasing amounts of the lactone are present; in 6
in the lactone form.

HC1 about 60% is

In basic solution the lactone ring is opened to

form homoserine, and in dilute neutral solution the lactone opens to
form homoserine.

In dilute acid and in strongly acidic solutions the

lactone is in equilibrium with homoserine.

Conversion of homoserine

into homoserine lactone can be accomplished by treatment with anhydrous
trifluoroacetic acid (Ambler 1967b).
Studies by Knobler, Bonni and Sheradsky (1964) on homoserine
lactone showed that the lactone ring can be opened by primary aliphatic
amines at room temperature to give the expected homoserylamides. Also
hydroxamic acids could be obtained by reaction of homoserine lactone
with ethanolic hydroxy1amine (Knobler, Bittner and Frankel 1970).
As this work was in progress, other reports in the literature
showed that these same reactions could be applied to homoserine lactone
peptides.

Offord (1972) found that a tridecapeptide homoserine lactone

from ribonuclease could be opened up with hydrazine to give the corre
sponding hydrazide.

Attachment to a resin through attack on the homo

serine lactone peptide by a long chain aliphatic amine which was attach
ed to the resin was found useful for a solid-phase Edman degradation
(Horn and Laursen 1973).

Horn (1975) reacted cyanogen bromide fragments

with ethylenediamine, converting the homoserine lactone into an amine

derivative which made separation of C-terminal homoserine fragments
from C-terminal carboxyl fragments easier.

In a dilute aqueous (pH 5.7)

environment the cyanogen bromide fragments of cytochrome o were able to
recombine (Corradin and Harbury 1974) .

The two fragments were held to

gether by complexing with Fe which brought the two reactive groups
close enough so that the reaction would take place.

In basic condi

tions recombination could not be accomplished probably due to the in
creased concentration and competition of hydroxyl ions for the lactone.
In the same manner cyanogen bromide products of basic pancreatic tryp
sin inhibitor were covalently linked, but in this case the two reactive
groups were brought close together through the three disulphide bonds
that basic pancreatic trypsin inhibitor possesses (Dyckes, Creighton
and Sheppard 1974).
Another approach to the incorporation of amino acids back into
CNBr-glucagon would be through azide coupling.

Here, the free amino

groups first would have to be protected; the lactone ring opened with
hydrazine to give the protected hydrazide derivative; formation of the
azide from the hydrazide; finally, the addition of the desired amino
acid (Offord 1972).

After coupling is complete the blocking groups

must be removed.
Reaction of hydrogen bromide in acetic acid at an elevated
temperature and under pressure gave a-amino-y-bromobutyric acid (dost
and Rudinger 1967).

Since hydrogen bromide in acetic acid is a stand

ard method for cleaving peptides from the resin in solid-phase peptide
synthesis, this method makes for an attractive approach to placing a
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good

leaving group into the hormone with possibilities of further

displacement reactions on the derivative.

Experimental Section
In most synthetic work purified glucagon was used, and in all
partition chromatography experiments the solvent system used, unless
otherwise stated, was solvent system A as described in the Experimental
Section of Chapter 2.

After partition chromatography the peptide peaks

were determined by the method of Lowry et al. (1951) , and after gel
filtration determination was by absorbance at 278 nm.
amino acid analysis were hydrolyzed for 22 hours in 6
(Spackman

All samples for
HC1 at 110°

et al. 1958), and the analysis was done on a Beckman 120

Amino Acid Analyser.

No corrections were made for hydrolytic destruc

tion of susceptible amino acids.

All temperatures are in degrees centi

grade (C). When not all of the oxygen is removed from the sample, the
following is expected:

histidine, 0.95/residue; threonine, 0.85/resi

due; serine, 0.80/residue; tyrosine, 0.90/residue.

In all lactone

opening experiments the solvents were ninhydrin negative except for
guanidine hydrochloride.

Preparation and Purification of
Biologically Testable Glucagon
Derivatives
In order to have a derivative suitable for biological testing
it must be of high purity. The reactions done on native glucagon and
CNBr-glucagon, described below, gave the desired derivatives which
could be purified and used for biological testing.
Thr

29

}(homoserine lactone

27

(Des-Met

27

-Asn

.
)-glucagon hydrazide or CNBr-glucagon

28

-
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hydrazide and {Des-Met

27

-Asn

28

29
'in
-Thr ' }(homoserine lactone )-glucagon

n-butylamide or CNBr-glucagon n-butylamide were prepared from CNBrglucagon.

Purification of Glucagon.

The purification procedure of Bromer

et al. (1972) with some modification was used to clean up commercial
glucagon.

Glucagon (200 mg) was placed in 8 ml of 0.01 U Tris-Cl (pH

8.5, 4°) which contained 7 M urea and 0.001 M disodium ethylenediaminetetraacetate.

The sample was applied to a column (1.2 x 94 cm)

of Cellex D (DEAE cellulose) high capacity resin which previously was
washed with 0.01 M Tris-Cl (pH 8.5, 4°).

After application of the

sample, an increasing linear chloride gradient was used for elution;
the second buffer was the same as the initial buffer except it contain
ed 0.1 M NaCl.

Glucagon appeared after 400 ml of buffer had passed

through the column.

Urea (150g) from the buffer was removed from

glucagon by ultra-filtration using an Amicon UM 2 filter.

After all

the urea was removed, glucagon was gel filtered on a column (2.2 x 100
cm) of Sephadex G-15 using 50% acetic acid as the eluent.

The pooled

glucagon fractions were lyophilized to give 150 mg of white powder.
The purified glucagon gave the following molar ratios on amino acid
analysis:

lysine, 1.01 (1); histidine, 0.89 (1); ammonia, 4.73 (4);

arginine, 2.09 (2); aspartic acid, 4.27 (4); threonine, 3.01 (3);
serine, 3.88 (4); glutamic acid, 3.16 (3); glycine, 1.11 (1); alanine,
1.01 (1); valine, 0.96 (1); methionine, 1.02 (1); leucine, 1.92 (2);
tyrosine, 1.92 (2); phenylalanine, 1.96 (2).
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Partition Chromatography''of'Glucagon. Native glucagon was
dissolved in 1 ml of 50% acetic acid and 2 ml of upper phase of
solvent system A was added.

The sample was applied to a column (2.2 x

57 cm) of Sephadex G-25 (block polymerizate) previously equilibrated
with both upper and lower phases of the solvent system.

Folin-Lowry

determination of the peptide fraction showed that native glucagon had
an R =0.32.
±

Preparation'o f 'CNBr-Glucagon.

The general method for cyanogen

bromide cleavages of peptides and proteins was used (Steers, Craven
and Anfinsen 1965).

Glucagon (12 mg, 3.4 pmole) was dissolved in

12 ml of 70% formic acid and cyanogen bromide (110 mg, 1.1 mmole) was
added.

The reaction mixture was stirred for 14 hours at room temper

ature, and another portion of cyanogen bromide (30 mg, 0.3 mmole) was
added.

After a total of 24 hours the solution was diluted with

deionized water and lyophilized.

Purification of CNBr-Glucagon.

The residue from the preceding

reaction was dissolved in 1 ml of 50% acetic acid and 2 ml of upper
phase of solvent system A was added.

The sample was applied to a

column (2.2 x 57 cm) of Sephadex G-25 previously equilibrated with both
upper and lower phases of the solvent system.

The sample was chromato

graphed, and the major peptide peak had an R^=0.58.

The peptide was

gel filtered on a column (1 x 56 cm) of Sephadex G-15 using 50% acetic
acid.

After lyophilization 3.4 mg (31%) of the title compound as a

white powder was obtained.

Amino acid analysis gave the following
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molar ratios:

lysine, 0.98.(1); histidine, 0.86 (1); ammonia, 2.88

(3); arginine, 2.16 (2); aspartic acid, 3.19 (3); threonine, 1.94 (2);
serine, 3.78 (4); glutamic acid, 3.09 (3); glycine, 1.12 (1); alanine,
0.96 (1); valine, 0.91 (1); methionine, 0.00 (0); leucine, 2.04 (2);
tyrosine, 1.99 (2); phenylalanine, 1.91 (2).

Amino acid analysis of a

very concentrated sample of CNBr-glucagon showed absolutely no trace of
methionine.

Preparation of Glucagon^

«

ing to the method of Epand (1971).

Glucagon^ ^

was prepared accord

k suspension of 4 mg/ml carboxy-

peptidase A was centrifuged and the supernant was removed.

The

precipitate was washed with 1 ml of water and the solution was centri
fuged; this step was repeated twice.

The precipitate was dissolved in

0.2 ml of 2 M NH.HC0_ and the resulting solution was clarified by
centrifugation. Glucagon (10 mg) was dissolved in 2 ml of 4 M urea
_2
containing 10
M Tris-Cl, pH 8 . The enzyme solution (0.18 ml) was
added, and the mixture was incubated for three hours at room tempera
ture.

The enzyme was inactivated by adding 0.1 ml of 1 2V HC1 at 0° and

then the mixture was lyophilized.

Purification of Glucagon^

The glucagon^

from the. pre

ceding experiment was dissolved in 1 ml of 50% acetic acid, along with
2 ml of upper phase of solvent system A, and was applied to a column
(2.2 x 57 cm) of Sephadex G-25 previously equilibrated with solvent
system A.

On passing 300 ml of upper phase through the column no

distinguishable peptide peak could be found using the Folin-Lowry method
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(R^ < 0.17).

However, on washing the column with 30% acetic acid

the peptide came off as determined by Folin-Lowry. After lyophilization the sample was gel filtered on Sephadex G-15 (1 x 56 cm) using
50% acetic acid.

After lyophilization of the peptide peak, 5.0 mg

white powder was obtained for a yield of 67%.
gave the following molar ratios:

Amino acid analysis

lysine, 1.00 (1); histidine, 0.90

(1); ammonia, 1.90 (2); arginine, 1.90 (2); aspartic acid, 3.22 (3);
threonine, 2.14 (2); serine, 4.00 (4); glutamic acid, 2.03 (2);
glycine, 1.05 (1); alanine, 0.98 (1); valine, 0.00 (0); methionine,
0.00 (0); leucine, 1.00 (1); tyrosine, 2.00 (2); phenylalanine, 1.02
(1).

Amino acid analysis of a very concentrated sample of gluca-

gon^_2i showed no methionine and less than 1% valine.

Preparation of CNBr-Glucagon w-Butylamide.

CNBr-glucagon (3.5

mg, 1.0 pmole) was dissolved in 0.5 ml of a n-butylamine-water mixture
(1:9), pH 11.8, containing 4 mg dithiothreitol to prevent oxidation of
tryptophan. The reaction mixture was left at room temperature for two
days after which time it was evaporated to dryness in vacuo by rotary
evaporation.

Purification of CNBr-Glucagon n-Butylamide. CNBr-glucagon nbutylamide was dissolved in 1 ml of 50% acetic acid and was applied to
a column (2.2 x 57 cm) of Sephadex G-25 previously equilibrated with
both upper and lower phases of the solvent system A.

The peptide peaks

were determined by Folin-Lowry, and the major peak had an R^=0.89.
This peak was isolated and chromatographed on Sephadex G-15 (1 x 56 cm)
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using 50% acetic acid.
obtained; yield, 11%.

After lyophilization 0.4 mg of the product was
Amino acid analysis showed a major peak at 120

minutes on the short column, which corresponded to n-butylamine and
gave the following molar ratios:

lysine, 1.05 (1); histidine, 0.80 (1);

arginine, 2.14 (2); aspartic acid, 3.02 (3); threonine, 1.78 (2);
serine, 3.58 (4); glutamic acid, 3.05 (3); glycine, 1.12 (1); alanine,
1.17 (1); valine, 0.91 (1); leucine, 2.23 (2); tyrosine, 1.93 (2);
phenylalanine, 1.80 (2); n-butylamine, 1.11 (1).

Preparation Of CNBr-Glucagon Hydrazide.

CNBr-glucagon (6 mg,

1.7 pmole) was dissolved in 0.5 ml of water-hydrazine mixture, pH 11.5.
After two days at room temperature another 0.5 ml of the hydrazine solu
tion was added, and the reaction was stirred for another day and
lyophilized.
3
Purification of CNBr-Glucagon Hydrazide.

CNBr-glucagon hydra

zide was dissolved in 1 ml of 50% q.cetic acid, along with 2 ml of upper
phase of solvent system A, and was applied to a column (2.2 x 57 cm) of
Sephadex G-25 previously equilibrated with both upper and lower phases
of the solvent system.
peak (R.£=0.60) .

Polin-Lowry determination showed a broad major

After lyophilization the peptide was gel filtered on

Sephadex G-15 (1 x 56 cm) using 50% acetic acid.
1.4 mg white powder was obtained; yield, 23%.

After lyophilization

Hydrazine appears at the

same place as ammonia on the amino acid analyzer short column; amino
acid analysis gave the following molar ratios:

lysine, 0.99 (1);

histidine, 0.98 (1); ammonia + hydrazine, 4.98 (5);• arginine, 2.06 (2);
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aspartic acid, 3.05 (3); threonine, 1.64 (2); serine, 3.31 (4);
glutamic acid, 3.02 (3); glycine, 1.12 (1); alanine, 1.08 (1J; valine,
0.91 (1); leucine, 2.01 (2); tyrosine, 1.54 (2); phenylalanine, 1.71
(2).

The lower values of tyrosine and phenylalanine were due to

mechanical problems with the amino acid analyzer.

Incorporation of Glycine
into CNBr-Glucagon
Two different methods were used to attach glycine at the Cterminal end of CNBr-glucagon:

nucleophilic attack by glycine on the

lactone ring, and azide coupling.
07

{Des-Met

no

-Asn

The above reactions should give

9Q

-Thr

27

} (homoserine lactone

2R

-Gly

)-glucagon or CNBr-

Gly^-glucagon.

Preparation of CNBr-Glycine

28

-Glucagon in Water.

CNBr-glucagon

(3.0 mg, 0.9 pmole) was placed in 1 ml of water saturated with diiso
propyl ethyl amine, pH 11.5.

Glycine (40 mg, 0.5 mmole) was added, and

the reaction was stirred for two days at room temperature.

The reaction

mixture was chromatographed on a column (1 x 56 cm) of Sephadex G-15
using 50% acetic acid.

The peptide peak was pooled, and after lyophili-

zation 1.5 mg white powder was qbtained.
following molar ratios:

Amino acid analysis gave the

lysine, 1.07 (1); histidine, 0.81 (1); ammonia,

3.21 (3); arginine, 2.12 (2); aspartic acid 3.31 (3); threonine, 2.10
(2); serine, 3.41 (4); glutamic acid, 3.18 (3); glycine, 1.40 (1+);
alanine, 1.04 (1); valine, 0.90 (1); leucine, 1.96 (2); tyrosine, 2.02
(2); phenylalanine, 2.03 (2). ,
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Preparation of CNBx-Glycine
Water.

28

-Glucagon in Dimethylformamide-

CNBr-glucagon (8.6 mg, 2.5 pinoles) was placed in trifluoro-

acetic acid for one hour under a blanket of nitrogen.

The trifluoro-

acetic acid was evaporated off and the residue was triturated with
ether and dried in vacuo.

Glycine (30 mg, 0.4 mmole) was dissolved in

2 ml of dimethylformamide-water (T :1) containing sufficient triethylamine to give pH 10.5.

The glycine solution was added to the CNBr-

glucagon, and the reaction was stirred for two days and lyophilized.
Gel filtration on Sephadex G-15 (1 x 56 cm) using 30% acetic acid
yielded the peptide free of any contaminating free amino acid.
acid analysis gave the following molar ratios:

Amino

lysine, 0.95 (1);

histidine, 0.63 (1); ammonia, 3.45 (3); arginine, 2.03 (2); aspartic
acid, 2.76 (3); threonine, 1.77 (2); serine, 3.13 (4); glutamic acid,
2.91 (3); glycine, 1.19 (1+); alanine, 1.01 (1); valine, 1.05 (1);
leucine, 1.90 (2); tyrosine, 1.71 (2); phenylalanine, 1.91 (2).

Preparation of CNBr-Glycine

28
-Glucagon Using Azide Coupling.

CNBr-glucagon (4 mg, 1.1 pmole) was dissolved in 0.5 ml of a mixture
of pyridine-water-triethylamine (10:10:1) to which 10 mg dithiothreitol
was added.

To the solution was added t-butylazidoformate (20 pi),

the reaction mixture was stirred for two days at room temperature, and
the solvents were removed in vacuo.

The N -N> -Boc-CNBr-glucagon was

dissolved in 2 ml of a mixture of hydrazine-water, pH 12.0; the reaction
mixture stood at room temperature for two days when another 0.5 ml of
the aqueous hydrazine solution was added.

After another day the

reaction mixture was taken to dryness.

The Na-Ne-Boc-CNBr-hydrazide-

glucagon was suspended in six drops of dimethylformamide and was
cooled to -20°.
butylnitrite.

One drop of 1 /1Z HC1 was added along with 0.05 n~
The reaction mixture was left at -20° for one hour; dur

ing this period it was shaken periodically.

The solution was cooled

to -40° and triethylamine was added until pH 7 as determined by
wetted indicator paper over the solution.

One drop of triethylamine

was added to a solution of glycine (20 mg, 0.25 mmole) in 1 ml of a
dimethylformamide-water mixture (1 :1), and this solution also was
cooled to -40°„

The two solutions were combined and the mixture placed

in the ice box (-15°C) overnight.

Then the reaction mixture was left

at 5° for five days, after which time it was evaporated to dryness in
a rotary evaporator and dried 'in vacuo.

The residue was dissolved in

2 ml of trifluoroacetic acid and stood at room temperature under a
blanket of nitrogen for 15 minutes; then the solvents were removed in

vacuo.

This step was repeated and the derivative was dried in vacito.

The peptide was dissolved in 50% acetic acid and was gel filtered on a
column of Sephadex G-15 using 50% acetic acid.

The fractions from the

major peak were pooled and, after lyophilization, 3.2 mg of white pow
der was obtained.

Amino acid analysis gave the following molar ratios:

lysine, 1.07 (1); histidine, 0.72 (1); ammonia, 3.76 (3); arginine,
2.32 (2); aspartic.acid, 3.43 (3); threonine, 2.02 (2); serine, 3.52
(4); glutamic acid, 3.17 (3); glycine, 1.83 (1+); alanine, 1.15 (1);
valine, 0.96 (1); leucine, .1.97 (2); tyrosine, 1.64 (2); phenylalanine.
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A suspension of 4 mg/ml carboxypeptidase A was centrifuged
and the supernant was removed.

The precipitate was washed with 1 ml of

water and the suspension was centrifuged; this step was repeated twice.
To the precipitate was added 0.2 ml of 2 M NH^HCO^, and the resulting
solution was clarified by centrifugation.

CNBr-Gly

28
-glucagon (0.5 mg)

was dissolved in 0.1 ml of a 0.5% solution of 4 M urea in 10
Cl, pH 8, and the enzyme solution (0.02 ml) was added.

_2

M Tris-

The digestion

went for three hours after which time the reaction was stopped by acid
ification and lyophilized.

The lyophilized powder was dissolved in

pH 2.2 buffer and was applied directly to the amino acid analyzer.
The amino acids released from the digest,
be:

in order of cleavage, should

glycine, homoserine, leucine, tryptophan, glutamine, valine and

phenylalanine.

Setting the value of leucine, as calculated from the

amino acid analysis spectrum, at 1.0
to be 0.4 residues.

residues, glycine was calculated

The other amino acids released from the digest

also were present in the amino acid analysis spectrum.

Attempted Incorporation of
Methionine, Asparagine and
Bromine into CNBr-Glucagon
Nucleophilic attack by the amino acid, or amino acid ester, on
the lactone ring was examined under several different conditions, as
discussed below.

Also examined was the action of hydrogen bromide in

acetic acid on the lactone ring.
derived from CNBr-glucagon-:

The following attempted compounds were

{Des-Met

27

28
29
-Asn. -Thr }(homoserine
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lactone
Met

27

27

-Asn

-Met
28

28

-Thr

~b

-OBu )-glucagon or CNBr-Met
29

}(homoserine lactone

glucagon, {Des-Met

27

-Asn

glucagon, or CNBr-Asn
(y-bromobutyric acid

28

27

28

-Thr

29

27

28

-Met

~b

-OBu -glucagon, {Des-

28

)-glucagon or CNBr-Met

}(homoserine lactone

-OBu -glucagon, and {Des-Met

27

27

-Asn

-Asn

28

28

)-glucagon or CNBr-ybromobutyric acid

28

-

~b

-OBu )-

-Thr

29

}

28

glucagon.

Attempted Preparation of CNBr-Met

28

t

-OBu -Glucagon in Water.

CNBr-glucagon (11 mg, 3.1 pmole) was treated with trifluoroacetic acid
for one hour under a blanket of nitrogen in the presence of 3 mg
dithiothreitol.

The solution was evaporated to dryness -in vaouo3 and

the residue was triturated with ether twice and dried in vaouo.
Methionine-t-butyl ester (210 mg, 1 mmole) was dissolved' in 30 ml of
an,aqueous solution adjusted to pH 11.0 with triethylamine.

The

methionine solution was added to the CNBr-glucagon and the reaction
mixture was warmed on the steam bath for a few minutes.

The pH was

adjusted to 9.0 by addition of 1 # acetic acid and the solution was
stirred for one day at room temperature.
10.5 by addition of triethylamine.

Then the pH was raised to

The reaction mixture was stirred

for another day and then it was lyophilized.

The resulting white pow

der was chromatographed on Sephadex G-15 using 30% acetic acid.

The

peptide peak was pooled and after lyophilization 8 mg white powder was
obtained.

Amino acid analysis gave the following molar ratios:

lysine, 1.09 (1); histidine, 0.90 (1); ammonia, 3.25 (3); arginine,
2.11 (2); aspartic acid, 3.08 (3); threonine, 1.62 (2); serine, 3.30
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(4); glutamic acid, 3.11 (3); glycine, 1.12 (1); alanine, 1.14.(1);
valine, 1.15 (1); methionine, 0.00 (+); leucine, 2.05 (2); tyrosine,
1.90 (2); phenylalanine, 2.10 (2).
'

Attempted Preparation o f ’CNBr-Met
amide-Water.

-Glucagon'i n 'DimethyIform-

CNBr-glucagon (7,2 mg, 2.2 pmole) was dissolved in tri-

fluoroacetic acid under a blanket of nitrogen and stirred for one hour
at room temperature.

The trifluoroacetic acid was evaporated off in

vacuo3 and the residue was triturated with ether and dried in vacuo.
Methionine

(30 mg, 0.2 mmole)was dissolved in 2 ml of

a dimethylform-

amide-water mixture (1:1) and adjusted to pH 10.5 with triethylamine.
The methionine solution was added to the CNBr-glucagon and the mixture
was stirred for two days and then it was lyophilized.

The lyophilized

peptide was chromatographed on Sephadex G-15 (1 x 56 cm) using 30%
acetic acid.

After lyophilization of the major peak the following

molar ratios were obtained on amino acid analysis:

lysine, 1.00 (1);

histidine,

0.68 (1); ammonia, 3.83 (3); arginine, 2.06 (2); aspartic

acid, 3.10

(3); threonine, 1.87 (2); serine, 3.13 04); glutamic acid,

2.93 (3); glycine, 1.05 (1); alanine, 0.99 (1); valine, 1.12 (1);
methionine, 0.03 (+); leucine, 1.93 (2); tyrosine, 1.80 (2); phenylal
anine, 1.94 (2).
..................................................

Attempted’Preparation o f 'CNBr-Met
formamide-Water.

CNBr-r. glue agon

28

f
-OBu -Glucagon in Dimethyl'

....................

(4 mg, 1.2 pmole) was dissolved in tri-

fluoroacetic acid and was. allowed to stand at room temperature for 30
minutes under nitrogen.

The trif luoroacetic acid was removed and the

residue was triturated with ether and dried in vaouo.

The peptide

was dissolved in 30 ml of dimethylformamide-water mixture (1:1), then
methionine-0 -butyl ester (100 mg, 0.5 mmole) was added along with NethyImorpholine until the solution reached pH 8.0.

The solution was

stirred for two days at room temperature after which time it was
placed in an oil bath at 43° for two hours.

The solution was evapo

rated to a small volume by rotary evaporation in vacuo; water was added
and the solution was lyophilized.

The resulting yellow-orange residue

was dissolved in 2 ml of 30% acetic acid and was applied to a column
(2.2 „x 98 cm) of Sephadex G-15.

After eluting with 30% acetic acid,

the combined fraction from the major peptide peak was lyophilized.
The resulting yellow powder was dissolved in 3 ml of upper phase of
solvent system A plus two drops ammonium hydroxide with slight heating. B
The solution was placed on a column (2.2 x 57 cm) of Sephadex G-25
previously equilibrated with both upper and lower phases of the sol
vent system.

Folin-Lowry showed two major peaks (R^.=0 .97 and R^=0.60) .

Each of these two peaks is isolated and separately chromatographed on
a column (1 x 56 cm) of Sephadex G-15 using 30% acetic acid.

After

lyophilization the first peak from partition chromatography contained
0.3 mg white powder and the second peak 0.6 mg white powder.

Amino

acid analysis gave the following molar ratios for the first peak:
lysine, 0.89 (1); histidine, 0.37 (1); ammonia, 3.31 (3)> arginine,
2.19 (2); aspartic acid, 2.83 (3); threonine, 1.75 (2); serine, 3.53
(4); glutamic acid, 3.03 (3); glycine 1.13 (1); alanine, 1.01 (1);
valine, 1.21 (1); methionine, 0.17 (+); leucine, 2.38 (2); tyrosine.
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1.72 (2); phenylalanine, 1'.86 (2).

The latter peak gave the follow

ing molar ratios on amino acid analysis:

lysine, 0.95 (1); histidine,

0.62 (1); ammonia, 3.03 (3); arginine, 2.17 (2); aspartic acid, 2.94
(3); threonine, 1.79 (2); serine, 3.68 (4); glutamic acid, 3.06 (3);
glycine, 1.27 (1); alanine, 0.94 (1); valine, 0.97 (1); methionine,
0.00 (0); leucine, 1.92 (2); tyrosine, 1.92 (2); phenylalanine, 1.85 (2).

Attempted Preparation of CNBf-Met
Hydrochloride.

28

-OBii -Glucagon'in Guanidine

CNBr-glucagon (10 mg, 3.0 pmole) was placed in 5 ml of

trifluoroacetic acid for 45 minutes under a blanket of nitrogen in the
presence of 2 mg dithiothreitol.

The trifluoroacetic acid was evap

orated off and the residue was triturated with ether and dried in

vacuo.

The peptide was dissolved in 15 ml of 6 M guanidine hydro-

chloride, pH 9.0 and methionine-OBu
added.

~ts

ester (200 mg, 1.0 mmole) was

The reaction mixture was stirred for two days at room temper

ature and then lyophilized.

The peptide was dissolved in 4 ml of 30%

acetic acid and was applied to a column (2.2 x 98 cm) of Sephadex
G-15.
ilized.

After eluting with 30% acetic acid the peptide peak was lyoph
After lyophilization 7 mg white powder was obtained which

gave the following molar ratios on amino acid analysis:

lysine, 0.86

(1); histidine, 0.72 (1); ammonia, 3.22 (3); arginine, 2.16 (2);
aspartic acid, 2.48 (3); threonine 1.73 (2); serine, 3.50 (4); glu
tamic acid, 3.12 (3); glycine, 1.23 (1); alanine, 1.06 (1); valine,
1.15 (1); methionine, 0.00 (+); leucine, 2.41 (2); tyrosine, 1.86 (2);
phenylalanine, 2.03 (2).
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Attempted Preparation of CNBx-Met
Water.

2R

-OBu -Glucagon in Glycol-

CNBr-glucagon (10 mg, 3.0 proole) plus 2 mg dithiothreitol was

dissolved in trifluoroacetic acid and was allowed to stand at room
temperature for one hour under nitrogen. The trifluoroacetic acid
was removed and the residue was triturated with ether and then dried

in vacuo.

Methionine-OBu* ester (120 mg, 0.6 mmole) was dissolved in

3 ml of 80% propylene glycol and triethylamine was added to pH 9.0.
The methionine solution was added to the CNBr-glucagon and the mixture
stirred for four days.

The water was removed in vacuo, and the peptide

propylene glycol solution was placed on a column (2.2 % 74 cm) of
Sephadex LH-20 and chromatographed using 50% acetic acid as the elution
solvent.

The fractions from the major peak were pooled and after

lyophilization 2.5 mg white powder was obtained.' Amino acid analysis
gave the following molar ratios:
ammonia, 2.77 (3);

lysine, 1.03 (1); histidine, 0.75 (1);

arginine, 2.05 (2); aspartic acid,

threonine, 1.41 (2); serine,

3.12 (4); glutamic acid,

2.83 (3);
2.77 (3); glycine,

1.10 (1); alanine,

1.04 (1); valine, 1.06 (1); methionine, 0.00 (+);

leucine, 2.15 (2);

tyrosine, 1.96 (2); phenylalanine,

1.99 (2).

Attempted Incorporation of Asparagine into CNBr-Glucagon in
Dimethylformamide-Water.

CNBr-glucagon (12 mg, 3.6 pmoles) was treated

with 5 ml of trifluoroacetic acid for one hour under nitrogen in the
presence of 2 mg dithiothreitol,

After the trifluoroacetic acid was

removed the residue was triturated with ether and dried in vacuo.
The peptide was dissolved in 30 ml of a dimethylformamide-water

mixture (1; 1) and was added to a flask which contained asparagine-OBu
ester (300 mg, 1.5 mmole); N-ethylmorpholine was added to pH 8.3.

~b

The

mixture was stirred for two days at room temperature and then for three
hours at 43°.
obtained.

The solvents were removed in vacuo and a golden oil was

The oil was dissolved in 3 ml of 30% acetic acid and was

applied to a column (2.2 x 98 cm) ofSephadex G-15. After eluting with
30% acetic acid the peptide peak was

consolidated and lyophilized.'

'

The resulting powder was dissolved in 2 ml of upper phase, plus 1 ml of
lower phase, plus 0.5 ml ammonium hydroxide.

The sample was applied

to a column (2.2 x 57 cm) of Sephadex G-25 previously equilibrated with
both upper and lower phases of the solvent system A.
showed two major peaks (R^=0.97 and R_^=0.56).
were gel filtered separately on a column (1
using 30% acetic acid as the elution solvent.

Each of these two peaks
56 cm) of Sephadex G-15
After lyophilization the

first peak from partition chromatography gave 0.4
powder and the second peak also gave

Folin-Lowry

mg yellow-white

0.4 mg white powder.

analysis gave the following molar ratios for the first peak:

Amino acid
lysine,

0.93 (1); histidine, 0.29 (1); ammonia, 13 (4); arginine, 2.33 (2);
aspartic acid, 7.56 (4); threonine, 1.56 (2); serine, 3.21 (4); glu
tamic acid, 2.92 (3); glycine, 1.13 (1); alanine, 1.00 (1); valine,
1.10

(1); leucine, 1.92 (2); tyrosine, 1.68 (2); phenylalanine, 1.77

(2).

The second peak gave the following molar ratios on amino acid

analysis:

lysine, 1.00 (1); histidine, 0.58 (1); ammonia, 3.11 (3);

arginine, 2.13 (2); aspartic acid, 2.66 (3); threonine, 1.89 (2);
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serine, 3.83 (4); glutamic acid, 2.90 (3); glycine, 1.03 (1); alanine,
1.01 (1); valine, 0.99 (1); leucine, 2.07 (2); tyrosine, 1,99 (2);
phenylalanine, 1.99 (2).

Attempted Preparation of CNBr-y-bromobutyric Acid

27

-Glucagon.

CNBr-glucagon (3.0 mg, 0.9 pinole) and 2 mg dithiothreitol were dis
solved in 2 ml of 32.7% hydrogen bromide in anhydrous acetic acid
which was free of acetic anhydride.

The reaction vessel was flushed

with argon and the stopper was wired down. * The reaction went for one
hour at 76° after which time the solvent was removed in vacuo.

The

pink powder obtained was gel filtered on Sephadex G-15 using 50%
acetic acid.

The peptide fractions were pooled and, after lyophiliza-

tion, the amino acid analysis results showed the presence of signif
icant amounts of homoserine lactone.

The reaction time was increased

to three hours, but amino acid analysis did not show any loss of homo
serine lactone and indicated that some amino acids were being
oxidized or acylated.

Biological Studies of
Glucagon Derivatives
The following glucagon derivatives were tested for both bio
logical response and binding:

CNBr-glucagon, CNBr-glucagon n-butyl-

amide, and CNBr-glucagon hydrazide.
logical response only.
gon^

Glucagon.^-^ was tested for bio

After the assay another portion of gluca

was treated with a two thousand-fold excess of cyanogen

117

bromide for one day and then gel filtered..

Biological response again

was assayed on this cyanogen bromide treated glucagon

Preparation of Rat Liver Plasma Membranes.

.

Rat liver plasma

membranes were isolated as described by Pohl, Bimbaumer and Rodbell
(1971).

Fresh rat livers from decapitated rats were minced and then

homogenized in a Bounce homogenizer in 25 ml of 0.001 M NaHCO^.
media and tissues were kept on ice.

All

The homogenate was diluted to 450

ml with 0.001 M NaHCO^ and filtered through cheesecloth.

The filtrate

was centrifuged at 1500 xg at 4° and the resulting pellets were homo
genized in a Bounce homogenizer in 0.001 M NaHCO^.

The re-suspended

pellets were mixed with a 69% sucrose solution and the final sucrose
concentration was adjusted to 44%.

The sucrose solution was poured

into cellulose nitrate centrifuge tubes and each tube was overlayed
with 42.3% sucrose.

The sucrose solution was centrifuged for 150

minutes at 25,000 rpm in a SW 25.2 rotor at 4°.

The floated material

was removed and was diluted with 0.001 M NaHCO^ and then was centri
fuged for 15 minutes at 15,000 rpm.

The resulting pellet consisted

of purified liver membranes.

Adenylate Cyclase Assay.

The assay medium consisted of the

following reagents at the final concentration given in a final volume
of 0.100 ml;

(a-

37"
P> ATP; ATP, 2 ji«; mgCl^, 5 mM, cyclic AMP, 0.4 mM;

dithiothreitol, 1 mM; bovine serum albumin, 0 .02%; creative phosphate,
5 mM; creative phosphokinase, 0.2 mg/ml; Tris-Cl buffer, 30 mM at
pH 7.5.

Various concentrations of glucagon or glucagon derivatives

118

we.re added to the above medium, and liyer membranes, .suspended in TrisC1 buffer containing 1 m M dithiothreitol, were added to a final concen
tration of 0.3 mg/ml to initiate the reaction.

After five minutes at

30° the reaction was terminated by adding 100 pi of stopping solution
(Salomon, Londos and Rodbell 1974).

Cyclic-AMP formed was isolated

/

using Dowex 50 and alumina columns'(Salomon et al. 1974) and the radio
labels counted on a scintillation counter.

The log-dose-response curves

are given in Figures 5, 6 , 7 and 8 .

Binding Competition'between
atives.

I}-Glucagon and Glucagon Deriv-

The incubation medium used for the binding assay contained in a

final volume of 1.0 ml:

("*"^l}-glucagon at 1-5 x 10 ^ M; bovine serum

albumin, 3 mg/ml; liver membrane, 50-100 pg/ml; Tris-Cl buffer, 20 m M
at pH 7.5.

The assay was initiated by the addition of liver membranes

and the whole mixture was poured on an oxoid membrane filter after ten
minutes at 30°.

The filter was washed twice with 1 ml of cold Tris-Cl

buffer containing 2 mg/ml of bovine serum albumin, and suction was ap
plied during the washing so that each wash took less than five seconds
to complete.

The oxoid filter was counted in a gamma counter.

The

results are plotted in Figures 9, 10 and 11.

Discussion"and Conclusion
The CNBr-glucagon prepared contains no residual methionine as
determined by amino acid analysis even when a high concentration of sam
ple was subjected to amino acid analysis.

Any adenylate cyclase and

binding activity found reflects only the derivative and cannot be
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attributed to unreacted' glucagon.

Relative to that of native glucagon,

the biological activity and affinity of CNBr-glucagon is about 2.5%,
and the derivative is able to give maximal stimulation at high concen
trations (a full agonist).

The parallel loss of both binding and bio

logical activity suggests that the role of the last two amino acids,
and possibly the side chain of methionine, are involved only in the
recognition process and do not participate in the sequence of events
leading, to activation of adenylate cyclase.

Since under the condi

tions of the assay homoserine is predominately in the free acid form
it would appear that the C-terminal carboxyl group is not responsible
for the decreased activity unless peptide chain length plays an im
portant part in the hormone's action.
The addition of n-butylamine or hydrazine to highly purified
CNBr-glucagon gave derivatives which had 2-3% the activity and affinity
of the native hormone and were full agonists at elevated concentra
tions.

Thus the two derivatives, CNBr-glucagon n-butylamide and CNBr-

glucagon hydrazide, have the same biological properties as CNBrglucagon.

The n-butyl group at the carboxyl terminal should make this

region more hydrophobic, and if hydrophobic interactions are responsible
for hormone binding, increased binding of CNBr-glucagon n-butylamide
as compared to CNBr-glucagon might be expected; however, this is not
seen.

Both CNBr-glucagon n-butylamide and CNBr-glucagon hydrazide are

derivatives with modified C-terminal carboxyl groups, and since both
have the same biological properties ks CNBr-glucagon, it can be con
cluded that the C-terminal carboxyl group of the derivative is not
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necessary for recognition or activation.

An examination of. Cory-

Pauling-Koltun models shows that the n-butyl group closely approximates
the side chain of methionine except for the sulfur atom.

Unless, there

fore, the sulfur atom plays a significant role in the binding of gluca
gon relative to that of CNBr-glucagon, it would appear that the con
version of methionine to homoserine had little effect on the hormone's,
action.

Thus the binding capability may lie in the last two deleted

amino acids, asparagine and threonine.
Glucagon., 01 possesses 0.5% the activity of the native hormone
J.-Z1

and is fully active at higher concentrations.

This activity could not

be due to contamination from glucagon or any glucagon fragment contain
ing methionine since no methionine could be detected in the amino acid
analysis spectrums even at high sample concentrations, and cyanogen
bromide treatment of this fragment did not alter the activity.

Besides

methionine, valine (position 23) is the only other amino acid in glucagon22_29 that is not found in glucagon^^^-

At high sample concentra

tions less than 1% valine could be detected in the amino acid analysis
spectrum.

Thus there could be a small contamination (less than 1%

total) of N-terminal glucagon fragments glucagon^_22 to glucagon^ ^ .
The possibility that these fragments might be responsible for the
activity cannot be ruled out completely, but since this contamination
represents less than 1% of the glucagon^ ^

derivative, and the frag

ment is 25% as potent as CNBr^glucagon, it is unlikely that any con
taminating fragments are responsible for all the activity.
appears that glucagon^

Since it

does have some intrinsic activity, the theory

that glucagon residues 22-27 are essential for binding of the hormone
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to its receptor may have to be re-evaluated.
tion of glucagon^ ^

The only other prepara

reported in the literature was inactive (Rodbell,

Birnbaumer and associates 1971).

However, no amino acid analysis data

was presented so it is difficult to comment on what differences may
exist between the two glucagon^ ^

fragments.

Synthetic glucagon^_?2

was reported to be 0.01% active (Epand and Grey 1973).

Since it is

unlikely that a smaller fragment of glucagon would be more active than
a larger fragment, synthetic glucagon^_2g probably is impure.

Binding

studies still have to be done on glucagon^ ^
The use of DEAE cellulose purified native•glucagon for the
preparation of glucagon^gp is necessary since non-purified glucagon
has been shown to contain small amounts of deaminated hormone (Bromer
et al. 1972) . The deaminated derivative would not produce a clean
glucagon 1-21 fragment since in glucagon22_2g there is an asparagine
(position 28) and a glutamine (position 24) residue.

Conversion of the

amide side chain to an acid group would stop the enzymatic cleavage
under the conditions employed.
The lactone ring of CNBr-glucagon was-opened up by aliphatic
bases and the simple amino acid glycine.

However, when methionine was'

tried under various conditions; no incorporation took place.

It is

possible that steric hindrance from the side chain is the reason for
the failure of the latter reaction.

Knobler et al. (1964) found that

aniline was unable to open homoserine lactone and attributed this in
part to its lower basicity and to steric hindrance from the aromatic
ring.

In the case of the two proteins, where recombination took place

after cyanogen bromide cleavage (Corradin and Harbury 1974; and Dyckes
et al. 1974), proper orientation of the two fragments by disulphide
bonds or metal ion undoubtedly brought the two reacting groups in close
proximity so that the reaction could take place, thus overcoming any
steric hindrance.

Glucagon is known to aggregate at concentrations

greater than 10 ^ molar, and this may hinder the reaction; but under
dilute conditions, in 6 M guanidine hydrochloride and in propylene
glycol, no aggregation of glucagon takes place (Gratzer et al. 1968;
Contaxis and Epand 1974).

However, even under these conditions no

reaction of CNBr-glucagon with Met

28

-OBu

~b

was observed.

With regard

to the reaction run in guanidine hydrochloride, the guanidine group
has a pKa 13.4, and it is unlikely that it competed with the amino •
acid for opening the lactone ring since the reaction was run at pH 9.
When the reactions of individual amino acids were run under
dilute conditions in dimethylformamide-water, considerable destruc
tion of histidine took place.

At higher concentrations in the same

solvent system, little loss of histidine was observed.

It appears as

though large amounts of dimethylformamide relative to peptide either
modify or cause cleavage of the histidine residue;, this was not seen
when the reactions were run at the same concentrations in aqueous
solution.

Also when the reaction was run at low dilution in dimethyl

formamide-water, it apparently was impossible to separate the free
amino acid from the peptide even after repeated gel filtrations and
partition chromatography.
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As an alternative to direct opening of the lactone ring by
amino acids, azide coupling was tried.

By using this method glycine

was incorporated into CNBr-glucagon reasonably well, as shown by amino
acid analysis and carboxypeptidase A digestion.

If amino acids and

peptides are to be put back into CNBr-glucagon, this would be the best
approach.

However, this procedure requires several steps and azide

coupling can lead to rearrangements (Curtius 1904).
In conclusion, highly purified glucagon derivatives relating
to the carboxyl terminal portion of the molecule have been made and
tested for their biological properties.

The need for highly purified

derivatives is necessary since even slight contamination from the
native hormone will make it very difficult to differentiate the activ
ity of the derivative from the contaminating native hormone.

Unfortu

nately, the majority of glucagon derivatives reported have not been
fully purified.

The glucagon derivatives made from CNBr-glucagon by

the opening of the lactone ring are the first biologically tested pep
tide hormone derivatives to be made using the incorporation techniques.
Any deaminated peptides resulting from the reaction conditions used to
form the derivatives are probably in peptide material that stays on
the column during the partition chromatography and only comes off on
washing the column with 30% acetic acid.

From the derivatives tested

it would appear that the last two amino acids of glucagon are involved
in the binding of glucagon to its receptor and not in the events
leading to activation of adenylate cyclase.

Also it would appear

that hydrophobic interactions of glucagon residues 22-27 with the
receptor are not as important as previously thought since glucagon^
was found to be a full agonist.

CHAPTER 6

DES-HISTIDINE-GLUCAGON

Removal of the N-terminal amino acid from glucagon produces a
derivative des-l-histidine-glucagon or DH-glucagon which has interest
ing biological properties.

Early studies indicated that DH-glucagon

had no biological activity in the hepatic membrane adenylate cyclase
assay (Rodbell, Birnbaumer and associates 1971; Lande et al. 1972).
However, addition of DH-glucagon to liver plasma membranes, already in
the presence of glucagon, completely inhibited the effect of glucagon
on adenyate cyclase activity (Birnbaumer, Pohl and Rodbell 1972).
lodoglucagon, which has the same biological activity as the unlabeled
hormone at neutral pH (Rodbell, Krans and associates 1971), was found
to dissociate from liver plasma membranes in the presence of DHglucagon, giving evidence that DH-glucagon displaces native glucagon
from its receptor (Birnbaumer and Pohl 1973).

However, at the same

concentrations iodoglucagon was displaced more by the native hormone
than by DH-glucagon, suggesting that the hormone derivative has a dif
ferent affinity for the receptor.

A similar finding was the effect of

DH-glucagon on insulin-secreting tumors of the Syrian (golden) hamster
(Goldfine, Roth and Birnbaumer 1972).

In these 3-cell particles DH-

glucagon had no effect on adenylate cyclase activity, inhibited the
125
binding of . I-glucagon, and was about one-third as potent as native
glucagon in displacing the labeled hormone from the receptor.
132

Also
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when DH-.glucagon was added to native glucagon, adenylate cyclase
activation was blocked,
)
Membrane composition also has been studied using DH-glucagon.
The affinity of native glucagon and DH-glucagon for binding sites in
hepatic plasma membranes treated by Baciltus ceveus phospholipase C
(an enzyme which hydrolyzes acidic phospholipids) was the same.

DH-

glucagon was found with equal affinity to either untreated or phospholipase C treated membranes (Rubalcava and Rodbell 1973), while
glucagon binding was decreased only when treated with phopholipase C.
Guanine nucleotides did not alter the rate of dissociation of bound DHglucagon from either phospholipase C treated or untreated membranes,
but did affect the dissociation rate of glucagon when the native hor
mone was bound to untreated membranes.

In aqueous solution, lysolecithin

forms micelles which have an apolar interior and a charged exterior
resembling the lipid structure in cellular membranes.

Interaction of

DH-glucagon with lysolecithin was found to have the same affinity as
the native hormone with lysolecithin, whereas glucagon^

and gluca-

®on22 29 showed no effect (Schneider and Edelhoch 1972b).
In all of the above studies DH-glucagon was prepared by remov
ing the N-terminal histidine moiety by a one-step Edman degradation.
Since glucagon has a lysine residue and the difference between the pKa
values of the alpha and epsilon amino groups is too small to limit the
phenylisothiocynate reaction to only the alpha terminal histidyl resi
due, the N£-phenylthiocarbamyl derivative probably was made to some
extent.

The DH-glucagon made was not analyzed for this side product.
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and the amino acid analysis value for lysine was low indicating that
this somewhat acid stable derivative was present in the final product
even after purification by isoelectric focusing (Rodbell, Birnbaumer
and associates 1971).

In the other preparation of DH-glucagon precau-

tions were taken against formation of the N -phenylthiocarbamyl deriv
ative (Lande et al. 1972) .

Glucagon was reacted with t-butylazido-

formate in order to protect selectively the epsilon amino group, and
then the N^-boc derivative was reacted with phenylisothiocynate. How
ever, a pure product was not obtained even though disc gel electro
phoresis was used in purification.

The resulting DH-glucagon still

had 6% histidine indicating contamination from native glucagon or a
side product from the reaction.
Since some very interesting biological data has been obtained
from these impure preparations of DH-glucagon, a highly purified DHglucagon is needed for a correct understanding of the role of histidine
in glucagon.

A preparation and purification scheme resulting in in

creased amounts of DH-glucagon would be advantageous since DH-glucagon
is an attractive intermediate for further semi-synthetic work.
The procedure examined for preparing DH-glucagon basically
follows that of Lande et al. (1972j as outlined in Figure 12.

Since

this series of reactions do not go to completion, starting material
must be separated from the desired product along with the following ex
pected side products:

Na -Boc-glucagon, N^-Boc, N^-phenyTthiocarbamyl-

glucagon, NG-phenylthiocarbamyl-glucagon, Na , N£-Boc-glucagon, and
des-His N^-phenylthiocarbamyl-glucagon

1.)

NH
||
|
(CH ) C-O-C-N
H N-His-Ser. ..Lys. ..Thr-COO"
—
^
1
2
12
29

>

Boc-NH
|
H N-His-Ser. ..Lys. ..Thr-COO
1
2
12
29

Glucagon

2.)

N£-Boc-glucagon

Boc-NH
|
H N-His-Ser...Lys...Thr-COO"
1
2
12
29

C H -N=C=S
—

>

NC-Boc-glucagon

3.)

S
Boc-NH
||
|
C H NH-C-NH-His-Ser...Lys...Thr-COO"
1 2
12
29
Na-phenylthiocarbamyl-N£Boc-glucagon

Boc-NH
II
I
_ tfa
C,H,.-NH-C-NH-His-Ser...Lys.. .Thr-COO ------- >
6 5
1
2
12
29
Na-phenylthiocarbamyl-N£-Boc-glucagon

S
C,Hc-N— C
6 5/

NH2
+ Ser...Lys...Thr-COO
2
12
29

AX /'

^

DH-glucagon

Im
Histidinephenylthiohydantoin

Figure 12.

Preparation of Des-Histidine-Glucagon

136

Experimental Section
In most synthetic work purified glucagon was used, and in'all
partition chromatography experiments solvent system A used was as
described in the Experimental Section, of Chapter 2.

The methods for

the location of the peptide peaks and amino acid analysis are described
in the Experimental Section of Chapter 5. .

Preparation of N£-Boc-glucagon
Different reaction conditions were tried, as described above,
so that selective protection of the epsilon amino group could be obtain
ed.

The

of the reaction product on partition chromatography or a

crude preparation of DH-glucagon was used to examine whether the lysine
group was protected.

Reaction of Glucagon Insoluable at pH 8 .

The procedure fol

lowed was that of Groginsky (personal communication).

Native glucagon

(4.9 mg, 1.4 ymole) was added to 0.5 ml of 0.1 M phosphate buffer,
pH 8.0, and was dissolved by heating--on cooling precipitation occurred.
To this mixture was added t-butylazidoformate (0.03 ml, 0.21 mmole),
and the glucagon was kept in solution by heating every five minutes for
a period of one hour.

The solution was extracted with ether to remove

unreacted t-butylazidoformate and five drops of acetic acid were added
to the extracted mixture to dissolve the products.

The contents were

lyophilized, and using partition chromatography no separation of Bocglucagon and native glucagon could be obtained with the following
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systems;

solvent system A, n-BuOH-HOAc-Pyr-l^O (15:3:10:22), and

?i-BuOH-J>yr-H 0 (15:10:25), pH 8.0.

Reaction o f 'Glucagon Soluable at pH 8 with' Butylaziddformate.
Glucagon (7.8 mg, 2.2 pmole) was dissolved in a mixture of 3 ml of 0.2

M phosphate buffer and 1 ml of dimethylformamide.
added t-butylazidoformate

To the solution was

(0.2 ml, 1.4 mmole), and the reaction was

stirred for three hours at room temperature.
and the contents were lyophilized.

Acetic acid was added

Using partition chromatography two

peaks were obtained R^=0.24 and R_^=0.39).

Since the former peak cor

responded closely to native glucagon's position, the latter peak was
taken to be the modified hormone.

However, the lysine content of DH-

glucagon made from this preparation of Boc-glucagon was only 44%, as
shown by amino acid analysis.

Reaction of Glucagon Soluable at pH 11 with t-Butylazidoformate.

A pyridine-water-triethylamine mixture (10:10:1), as described

by Lande (1971), was used as the solvent in the preparation of N£-Bocglucagon.

Since oxidation of tryptophan, as determined by amino acid

analysis, occurred when using this procedure, addition of mercaptoethanol or dithiothreitol to the reaction mixture, continuous slow
bubbling of argon or nitrogen through the sample, and degassing the
peptide solution by freeze-thaw under vacuum were done prior to addi
tion of t-butylazidoformate.

Glucagon (8 mg, 2.3 pmole) was dis

solved in 0.5 ml of the above solution, t-butylazidoformate (0.03 ml,
0.21 mmole) was added, and the above precautions were taken.

The
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mixture was stirred for 30 minutes at room temperature and lyophilized.

Partition chromatography yielded a single peak (R_^=0.88) which

after gel filtration gave an overall yield to the reaction of 66%.
i

Amino acid analysis showed no oxidation of tryptophan.

Preparation of DH-glucagon
The first reaction medium tried for the Edman degradation was
that of Lande et al. (1972).

The solution did not give complete cou

pling of the phenylisothiocynate with the free alpha amino group.
Also, when the unreacted reagent was extracted with benzene using this
solution, precipitation occurred which made it impossible to remove
the unreacted reagent.

To circumvent these problems the reaction medi

um of Peterson et al. (1972) was employed with the substitution of
thriethylamine for dimethylallylamine. When using this medium, no
precipitation occurred on addition of benzene, and increased cleavage
of histidine was observed on comparing amino acid analysis spectrums
of the two different preparations.

Reaction in Pyridine-Water-Triethylamine.

To 0.5 ml of pyri-

dine-water-triethylamine mixture (10:10:1) containing 2 mg dithiothreitol was added N -Boc-glucagon (5 mg, 1.4 pmole), and the solution
was degassed by freeze-thawing under vacuum.

The reaction mixture was

covered with argon, and phenylisothiocynate (0.015 ml) was added.

The

reaction went for one hour with argon slowly bubbling through the
solution after which time an attempt was made to extract the solution
with benzene (precipitation occurred).

The precipitate was dried
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in vacuo and the yellow residue was treated with 1 ml of trifluoroacetic acid under argon for 15 minutes at room temperature.

The so

lution was evaporated to dryness. The derivative was subjected to
partition chromatography, using solvent system A, and several peaks •
were obtained.

The peak corresponding to R^=0.46 was again purified by

partition chromatography and the major peak (R^O.46) was lyophilized
(the second partition profile showed two minor peaks). After gel
filtration 0.2 mg white powder was obtained which on amino acid anal
ysis showed complete retention of lysine but still the presence of
12% histidine.

Reaction in Propanol-Water.

N -Boc-glucagon (10 mg, 2.8 ym'ole)

was dissolved in 0.5 ml of the mixture 0.4 M triethylamine in 1-propanolwater (3:2) containing 2 mg dithiothreitol.

The reaction mixture was

degassed, and while nitrogen slowly was bubbled into it, phenylisothiocynate (0.015 ml) was added. The reaction went for one hour at 35°
after which time the mixture was extracted once with 1 ml of benzene.
The solution was dried dn vaouo and trifluoroacetic acid (0.5 ml) was
added to the residue.

The cleavage went for ten minutes at 35° C under

nitrogen, and after drying 'in vaouo this step was repeated.

Partition

chromatography of the peptide, using solvent system A, gave a major
peak, R^=0.40.

After gel filtration 0.4 mg white powder was obtained,

and amino acid analysis showed full recovery of lysine and only 6%
histidine.
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Discussion

!

While this work was in progress a highly purified DH-glucagon
was obtained by using an insoluable Edman reagent (Lin et al. 1975).
Using this technique there is no need for the protection of the epsi
lon amino group since reaction of the side chain epsilon amino groups
become covalently attached to the resin and are not cleaved during the
trifluoroacetic acid step.

Since side reactions of the epsilon amino

group do take place, the yields of pure DH-glucagon were low (10%).
Contrary to being an antagonist, highly purified DH-glucagon is a weak,
partial agonist showing a 15-fold decrease in affinity for the receptor
and a 50-fold decrease in biological activity relative to that of the
native hormone.

At maximal stimulating concentrations DH-glucagon

yielded 70% the activity given by saturating concentrations of glucagon.
The biological data indicates that the imidazole ring may be necessary
to give a fully active state for the enzyme.
By the procedures given in the Experimental Section, a highly
pure DH-glucagon was not obtained; the best preparation contained 6%
histidine.

The partition chromatography spectrum from which the prep

aration of DH-glucagon was made was analyzed so as to identify the im
purities.

Each peak and the shoulders of the peaks were isolated, gel

filtered, and subjected to amino acid analysis.

Coming out quite early

on partition chromatography was a compound possessing 63% lysine and
11% histidine, and on either side of the peak containing 6% histidine
were peaks/shoulders showing 9% histidine and 16% histidine.

It is
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likely that the histidine seen in the R^=0.40 peak is a result of con
tamination from the two side peaks.

Repartitioning this peak may give

a clean preparation of DH-glucagon; however, total peptide yield after
partition chromatography and gel filtration is 42%, and only 10% of
this amount is the slightly contaminated DH-glucagon.

In order to get

reasonable amounts of DH-glucagon for biological studies and further
semi-synthetic work, a large amount of starting material must be used
which makes this scheme unattractive.

If some alpha Boc-glucagon is

present in the Boc-glucagon used for the preparation of DH-glucagon,
no reaction of histidine with phenylisothiocynate will take place,
and after treatment with trifluoroacetic acid, glucagon will appear;
Folin-Lowry did detect peptide material in the region where native
glucagon appears on partition chromatography.

A fraction in the parti

tion chromatography profile was isolated which contained diminished
amounts of lysine, thus indicating that selectivity in the t-butylazidoformate reaction was not taking place.

Either a new method for

selective protection of the epsilon amino group must be developed, or
a different purification technique, such as ion exchange chromatography,
must be employed so that a pure epsilon amino protected derivative is
acquired.
Conversion of the lysine residue in glucagon to homoarginine
recently has been found to have essentially no effect on the biological
activity or binding characteristics relative to the native hormone
(Lin, personal communication).

The derivative could be obtained in

reasonably high yields (40-50%) by ion exchange or partition

chromatography (Lin and Hruby, personal communication).

Thus {12-

Homoarg}-glucagon offers an attractive alternative as starting mate
rial for the Edman degradation since side reactions involving the
epsilon amino group are eliminated.

APPENDIX A

LIST OF ABBREVIATIONS

Amino Acids
Formula

Name

Abbreviation

NFL

I
CFL-C-COOH

Alanine

Ala

3 I
H

Arginine

NH
HN^
|
C-HN- (CEL) -C-COOH
H 9N
^ I
Z
H

Arg

NH,
H2N-C-CH2-C-COOH

Asparagine

Asn

H

NH2

HOOC-CH -C-COOH

Aspartic Acid

Asp

I
H

NH,
Glutamic Acid

•
I 2
HOOC-CFL-CFL-C-COOH
.

2

2 I
H
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Glu
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Formula

Name

0
Glutamine'

Abbreviation

NFL

II
I 2
H N-C-CH2-CH -C-COOH

"

Gin

H

NH_
I 2
H-C-COOH

Glycine

Gly

H

Histidine

NH„
I 2
C-CIL-C-COOH

N

I

HC

V

I 2HI

His

CH

H

nh2

Leucine

(CH3)2-CH-CH2-C-COOH

Leu

H

NH„

I
Lysine

H2N-(CH2)4-C-COOH

Lys

H

^2
Methionine

CH -S-CHo-CH„-C-C00H
3
2
2 |
H

Met
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Formula

Name

Abbreviation

NH
OHL-C-COOH

Phe

NH
I 2
HO-CH -C-COOH

Ser

Phenylalanine

Serine

h

2 I
H

OH NH0

I I
CH„-C-C-COOH

Threonine

3HI HI

Thr

Trp

Tryptophan

H
nh2

Tyrosine

CH0-C-COOH

Tyr

nh2

I
Valine

(CH3)2CH-c -c o o h
H

Val
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Name

Formula

Abbreviation

Protecting Groups
0
t-Amy loxy carbonyl

II

(CH^) ^C-CI^-O-C-

t-Butyl

( ™ 3b - C-

fc-Butyloxycarbonyl

(CH^)^C-O-C-

Benzyl

CH,

Benzyloxycarbonyl

c h 2-o -c -

o-Nitrophenylsulfenyl

Amines

Aoc

Acids
Alcohols

Bu

Amines

Boc

Acids
Alcohols

Bzl

Amines

Cbz

Amines

Nps

Amines

Tos

t

0
p-Toluenesulfonyl
(Tosyl)

CH„

I

-S-

II
0
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Name

Formula

Abbreviation

Carbonyl Activating Group

yO
H 2C-C\
|
N-OH

N-Hydroxysuccinimide

HONSu

H2C~ < 0

p-Nitrophenoxide

C^N-j

h-0-

ONp

Solvents or Reagents
0
Acetic Acid

Butanol

c h 3-c -o h

HOAc

c h 3-c h 2-c h 2-c h 2-o h

BuOH

Dicyclohexyamine

DCHA

Dicyclohexycarbodiimide

DCC
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Formula

Name

Abbreviation

0
Dicyclohexylurea

Diisopropyl ethyl amine

S

V-NH-C-NH-^ S )

DCHU

(CH^) ^iCH-N-CHCCHg) ^

DIEA

CH.
CH„

Dimethylformamide

(c h 3)2-n -c -h

DMF

Dimethylsulfoxide

HjC-S-Oij

DMSO

Ethanol

c h 3-c h 2-o h

EtOH

Ethyl Acetate

c h 3-c -o -c h 2-c h 3

EtOAc

Methanol

c h 3-o h

MeOH

Pyr

Pyridine
-N
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Name

Formula

Tetrahydrofuran

Abbreviation

THF

Tetramethylsilane

(CH3)4-Si

TMS

Thiourea

h 2n -c -n h 2

None

Triethylamine

Trifluoroacetic Acid

(c h 3-c h 2-)3n

c f 3-c -o h

Et3N

TFA

APPENDIX B

PUBLICATIONS OF AUTHOR RELATED
TO THIS WORK
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[R ep rin ted from B io ch em istry , (1975) 14, 1559.]
C op y rig h t 1975 by th e A m erican C h em ical Society a n d re p rin te d by p erm issio n of th e cop y rig h t ow ner.

S tr u c tu re -F u n c tio n R elation sh ip s in G lucagon: P rop erties o f
H igh ly P urified D e s - H is 1-, M on oiod o-, and [D esA sn 28,T h r29](h om oserine la c to n e 27)-g lu ca g o n 1'
M ichael C. Lin,* D avid E. W rig h t, V ictor J. H ru b y , an d M a rtin R odbell

A B STR A C T : W e have co m p ared th e a b ility o f g lucagon and

th re e highly pu rified derivatives o f th e h o rm o n e to a c tiv a te
hep a tic ad e n y la te cyclase (an expression o f biological ac tiv 
ity o f the horm one) and to co m p ete w ith [ ,25]g lu c ag o n for
bin d in g to sites specific for glu cag o n in h ep a tic p la sm a
m e m b ran es. R elativ e to th a t o f g lu c ag o n , biological ac tiv ity
and affin ity o f [d cs-A sn 28,T h r29] (h o m o serin e la c to n e 27)glu cag o n , p rep are d by C N B r tre a tm e n t o f glu cag o n , w ere
reduced eq u ally by 40- to 50-fold. By c o n tra s t, d e s -H is 1glu cag o n , p rep are d by an insoluble E d m an re a g e n t and
highly p urified (less th a n 0.5% c o n ta m in a tio n w ith native
glu c ag o n ), displayed a 15-fold d ec re ase in a ffin ity b u t a
50-fold dec re ase in biological activ ity relativ e to th a t o f th e
nativ e horm one. A t m a x im a l stim u la tin g co n c en tratio n s,

X h e first event in th e ca sca d e o f reac tio n s lead in g to h o r
m one response is th e in te ra c tio n o f th e ho rm o n e w ith its
recognition site te rm ed the “ re c e p to r” . It is com m only as
sum ed th a t binding o f the h orm one to th e rece p to r induces
c e rta in tra n sfo rm a tio n s in th e responding system . S tu d ie s o f
the s tru c tu ra l req u irem en ts for ho rm o n a l recognition and
action should provide fu rth e r u n d e rs ta n d in g o f the m e ch a
nism o f h o rm one actio n .
A lth o u g h th e s tru c tu re o f glucagon h as been know n since
1957 (B ro m e r et al., 1957), the s tru c tu re -fu n c tio n re la tio n 
ships for this poly p ep tid e ho rm o n e have not been e lu cid ated
clearly as yet. T h e discovery o f a p rim a ry ta rg e t for g lu c a 
gon, nam ely the a d e n y la te cyclase system (fo r review , see
R odbell, 1972; S u th e rla n d , 1972), has provided a m eans o f
e v a lu atin g these relatio n sh ip s. N um erous^studies have been
rep o rted w ith ch e m ica lly m odified d erivatives o f glucagon
f From the Section on M em brane Regulation, Laboratory of N utri
tion and Endocrinology, N ational Institute of A rthritis, Metabolism,
and Digestive Diseases, Bethesda. M aryland 20014 (M .C.L. and
M .R .), and the D epartm ent of Chem istry, The Univeristy of Arizona,
Tucson. Arizona 85721 (D.E.VV. and V .J.H .). Received November IS.
1974. The research carried out in Arizona was supported in part by a
grant from the Public Health Service (AM 15504 (V J .H .) and from
the National Institutes of Health (N O l-A M -1-2125 (V J .H .).

d e s -H is '-g lu c a g o n yielded 70% o f th e ac tiv ity given by s a tu 
ra tin g c o n c e n tra tio n s o f g lu cag o n . T h u s, d e s -H is '-g lu c a g o n
can be classified as a p a rtia l, w eak ag o n ist. H ig h ly purified
m o n o io d o g lu cag o n an d n ativ e g lu c ag o n d isp la y ed id en tical
bio logical ac tiv ity an d affin ity fo r th e b in d in g sites. O u r
fin d in g s su g g est th a t th e h y d ro p h ilic resid u e s a t th e te rm i
nus o f th e ca rb o x y region o f g lu c ag o n a re involved in th e
process o f reco g n itio n a t th e g lu cag o n re c e p to r b u t do not
p a rtic ip a te in th e seq u en ce o f events le ad in g to a c tiv atio n o f
a d e n y la te cyclase. T h e am in o -te rm in a l histid y l resid u e in
g lu cag o n plays an im p o rta n t b u t n o t o b lig a to ry role in the
ex p ressio n o f h o rm o n e a c tio n an d c o n trib u te s to a sig n ifi
c a n t e x te n t in th e reco g n itio n process.

in a tte m p tin g to estab lish th e s tru c tu r e - f u n c tio n a l role o f
each am in o acid residue in the p ep tid e (S p ieg el an d B itensky, 1969; R o dbell et al., 1971a; G ra n d e et al., 1972; L an d e
et al., 1972; E p an d an d E p an d , 1972; E p a n d , 1972; E pand
et al., 1973). O ne m ajo r o b stac le in o b ta in in g c lear-cu t re
su lts is th e p u rity of th e v arious g lu c ag o n derivatives.
C h em ica l m o d ificatio n seldom p ro d u ces co m p lete conver
sion o f s u b s tra te to p ro d u ct. T h e refo re, ex ten siv e p u rific a 
tion is essen tial to rem ove any re m a in in g n ativ e glucagon.
C h a ra c te riz a tio n o f each deriv ativ e re q u ire s th e stu d y o f its
affin ity for th e rece p to r as well as its in trin sic activ ity in
s tim u la tin g a d e n y la te cyclase a c tiv ity . O b viously, a signifi
c a n t level o f co n ta m in a tin g glu cag o n w ould m a k e in te rp re 
ta tio n d ifficu lt.
[D es-A sn 28,T h r 29] (h o m o serin e
la c to n e 27)-g lu cag o n
(C N B r-g lu c a g o n ) , 1 p rep are d by cy a n o g en b ro m id e cleav
ag e o f g lu cag o n , has been ex am in ed in tw o stu d ie s (Spiegel
an d B itensky, 1969; E p an d , 1972). In bo th cases, attem p ts
to s e p a ra te glu cag o n from C N B r-g lu c a g o n by e ith e r gel fil
tra tio n o r gel electro p h o resis proved u n su ccessfu l. U n react1 Abbreviations used arc: CNBr-glucagon, [des-Asn2\ T h r 29](homoserinc lactonc27)-gIucagon; DH-giucagon, des-H is'-glucagon; cyclic
AM P, 3'.5'-adenosine monophosphate.
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ed glu cag o n was e stim ated by am in o acid an aly sis to be 2 to
3% o f the final pro d u ct. T h u s, w hile C N B r-g lu ca g o n
show ed reduced activities relative to th a t o f glu cag o n , it is
not know n w h eth e r this d eriv ativ e has th e sam e m axim al
activ ity as the n ativ e horm one. T h e re is also no in fo rm atio n
av a ilab le on its a ffin ity for the glu cag o n rece p to r.
[ l25IJG lu cag o n is com m only used in stu d ie s o f ho rm o n e
binding. In th e first such s tu d y o f g lucagon binding (R odbell et a!., 1971b), m onoiodoglucagon w as show n to have an
identical c o n c e n tra tio n -a c tiv ity d ep e n d en cy as n ativ e g lu 
cagon on h e p a tic ad e n y la te cyclase. A rece n t stu d y (B ro m e r
et a!., 1973), how ever, su g g ested th a t m onoiodoglucagon
has a g re a te r a c tiv ity in s tim u la tin g h ep a tic a d e n y la te cy
clase. If various io dinated derivatives indeed have d iffe re n t
p otencies from the native h orm one, then th e in te rp re ta tio n
o f th e binding o f [ 125I]g lu c ag o n to m e m b ran es c o n tain in g
the glu cag o n rece p to r w ould be d ifficu lt.
D e s-H is'-g lu c a g o n (D H -g lu c a g o n ), p rep are d by conven
tio n al Ed m an on e-step d e g ra d a tio n (R o d b ell et al., 1971a),
show ed a lack o f biological activ ity on the h ep a tic ad e n y la te
cyclase system alth o u g h th e d eriv ativ e binds to specific
binding sites for g lucagon in h ep a tic p la sm a m e m b ran es
w ith ab o u t o n e-ten th th e affin ity of n ativ e g lucagon. D H g lu c ag o n p rep are d by L a h d e et al. (1 9 7 2 ), ju d g e d by them
to c o n tain ab o u t 6% glucagon, a p p a re n tly lacked th e a b ility
to ac tiv a te a d e n y la te cyclase; th e ir stu d ie s also in d icated
th a t /'/‘-p h en y lth io c arb am y lg lu ca g o n , a p o te n tia l p ro d u ct
o f glucagon form ed by th e E d m an p ro ced u re , is likely to be
biologically inactive.
In this stu d y we have p rep are d C N B r-g lu c a g o n and p u ri
fied this m a te ria l to th e e x te n t th a t it co n tain s less th a n
0.5% native g lu c ag o n . D H -G lu e ag o n has been p rep are d by
the insoluble E d m an re a g e n t d escribed by D ow ling an d
S ta r k (1 9 6 9 ). In c o n tra s t to th e conventional m ethod, this
p ro ced u re allow s co m p lete se p a ra tio n from the lysine-sub
stitu te d derivative. A lth o u g h the yields o f D H -g lu cag o n ob
ta in ed by this p ro ced u re rem ain to be im proved, it is feasi
ble to p re p a re la rg e q u a n titie s c o n tain in g less than, 0.5%
glucagon. T h e g lu cagon-sensitive h ep a tic ad e n y la te cyclase
system (P ohl et al., 1971) is used for assay in g biological a c 
tivity of m onoiodoglucagon, C N B r-g lu c a g o n , and D H -g lu 
cagon. T h e a ffin ities o f these d eriv ativ es for specific g lu c a 
gon binding sites in h ep a tic plasm a m e m b ran es (R o d b ell et
al., 1971b) have been co m pared w ith th a t o f native g lu c a
gon as a m eans o f d eterm in in g th e s tru c tu ra l req u irem en ts
for recognition vs. ac tio n o f th e d erivatives an d th e native
horm one.

E x p e rim en tal S ection
M a te ria ls. [ a - 32P ]A T P w as o b ta in ed from In te rn a tio n a l
C h em ica l and N u c le a r; [3H r]c A M P w as from N ew E ngland
N u c le a r. A T P , cyclic A M P , c re a tin e p h o sp h ate , c re a tin e
p hosphokinase, and d ith io th re ito l w ere p u rch ased from
S ig m a . C N B r w as from E a stm an K odak. O xoid m e m b ran es
w ere p u rch ased from A m e rs h a m -S e a rle . C h em ica ls used in
th e solid phase E d m an pro ced u re w ere S eq u an a l g ra d e
from P ierce or best g ra d e av a ilab le an d w ere used w ithout
fu rth e r p u rificatio n . P olystyrene beads crosslinked w ith
0.25% d ivinylbenzene (no. L 982) (from S ondell S cie n tific
In stru m e n ts, Palo A lto, C alif.) w ere a gift from D r. G eorge
R. S ta rk . C ry stallin e porcine glucagon was provided by Eli
Lilly an d Co. or w as p u rch ased from S c h w a rz /M a n n ; puri-fied m onoiodoglucagon w as a g ift from D r. W . W . B rom er
o f Eli Lilly. S olvents for p a rtitio n c h ro m a to g ra p h y w ere pu-
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rified as p reviously describ ed ( H r u b y a n d G ro g in k sy ,
1971).
P rep a ra tio n o f P la sm a M e m b ra n e s f r o m R a t Liver. P a r
tially p u rified p lasm a m e m b ran es fro m r a t liver w ere p re
p ared by a m o d ificatio n o f th e p ro c e d u re o f N ev ille (1968)
as p reviously describ ed (P ohl et al., 1971), an d sto red in liq
uid n itro g en .
A s s a y f o r A d e n y la te C ycla se A c tiv ity . T h e assay m ed i
um co n sisted o f [ a - 32P ]A T P (a b o u t 40 c p m /p m o l) a t 2
m M ; M g C l2t 5 m M ; cyclic A M P , 0.4 m M ; d ith io th re ito l, 1
m M ; bovine seru m a lb u m in , 2 m g /m l; c re a tin e p h o sp h ate,
5 n \M ; c re a tin e p h o sp h o k in ase, 0.3 m g (5 0 u n its ) /m l; and
T ris-C l b u ffer, 30 m M a t pH 7.5 in a final vo lu m e o f 100
pd. L iv er m e m b ran es, su sp en d ed in T ris-C l b u ffer c o n ta in 
ing 1 m M d ith io th re ito l, w ere ad d e d to a final c o n c e n tra 
tion o f 0 .2 -0 .5 m g /m l to in itia te th e reac tio n . A fte r 5 min
a t 3 0 °, th e reac tio n w as te rm in a te d by a d d in g 100 /il of
sto p p in g so lu tio n (S alo m o n et al., 1974). C y clic A M P
fo rm ed w as d eterm in ed by a rece n tly developed pro ced u re
w ith th e use o f D ow ex 50 an d a lu m in a co lu m n s (S alo m o n et
al., 1974).
A s s a y f o r [n s I]G lu ca g o n B in d in g . [ 125I]G lu cag o n was
p re p a re d as describ ed previously (R o d b ell et al., 1971b).
T h e co n c e n tra tio n o f b io logically ac tiv e g lucagon in th e
p re p a ra tio n s o f lab eled h o rm o n e w as e stim a te d from assays
o f a d e n y la te cy clase activ ity (see ab ove); ac tiv ities w ere
c o m p ared w ith those g e n e ra te d by n ativ e glu cag o n over a
w ide ra n g e o f co n c en tratio n s. T h e in c u b atio n m ed iu m used
for th e b in d in g assay co n tain ed [ 125I]g lu cag o n at 1-5 X
10™9 M (see legend for specific a c tiv ity ); bovine seru m a l
b u m in , 3 m g /m l; liver m e m b ran e, 5 0 -1 0 0 /ig /m l; an d T risC l b u ffer, 20 m M a t pH 7.5 o r as in d icated in a final vol
um e o f 1 ml. T h e assay was in itia te d by th e ad d itio n o f liver
m e m b ra n e s an d th e w hole m ix tu re w as p oured on an oxoid
m e m b ra n e filter a fte r 10 min a t 3 0 °. T h e filter w as quickly
w ash ed tw ice w ith 1 ml o f cold T ris-C l b u ffer c o n tain in g 2
m g /m l o f bovine seru m a lb u m in . S u ctio n was ap p lied d u r
ing th e w ash in g so th a t each w ash took less th a n 5 sec to
co m p lete. T h e n th e filter w as co u n ted in a w ell-type P ack 
a rd 7 -co u n ter.
A n a ly tic a l M e th o d s. P ro tein c o n c e n tra tio n w as d e te r
m ined a c co rd in g to Low ry et al. (1 9 5 1 ) w ith seru m alb u m in
as sta n d a rd . T h e am in o acid co n ten t w as an a ly zed , a fte r the
hy drolysis w ith m e th an esu lfo n ic acid (L iu , 1972), on a
J E G L J L C - 6 A M an a ly zer. N o c o rrec tio n is m ad e for d e
stru c tio n o f am in o acid s d u rin g h ydrolysis. G lu cag o n con
c e n tra tio n w as d eterm in ed by its a b so rb a n c e a t 280 nm
(m o la r a b so rb a n c e 8 050) o r by a m in o acid an aly sis. Fresh
g lu cag o n so lu tio n (in 0 . 1% bovine seru m alb u m in and 20
m M T ris-C l b u ffer, pH 7.5) w as p rep are d each tim e prior
to use, since we have found th a t s to ra g e o f glu cag o n in solu
tion d ec re ased its effectiveness in a c tiv a tin g a d e n y late cy
clase.

R esu lts
P rep a ra tio n o f D H -G lu ca g o n . W h e n D H -g lu cag o n is
p re p a re d by th e conventional o n e-ste p E d m an d eg rad a tio n
(R o d b ell et a l . , ' 1 9 7 la ) , the d iffe re n ce betw een th e p /C
v alues o f th e a - and e-am ino g ro u p s is too sm all to lim it the
phenyl iso th io cy an a te reactio n to only th e ^ -te rm in a l histidyl resid u e. T h e refo re, th e p ro d u ct re q u ires extensive p u ri
ficatio n . It o cc u rre d to us th a t th e in so lu b le E d m an reag en t
(D o w lin g an d S ta rk , 1969), w h ere p ro d u cts o f th e reaction
o f th e sid e-ch ain e-am ino gro u p s a re not reco v ered , m ig h t
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provide an ideal p ro ced u re for th e p re p a ra tio n o f D H -g lu cagon. T h e p ro ced u re for p re p a rin g g lu c o sa m in b l-iso th io c y a n a te -p o ly sty re n e d escrib ed by D ow ling and S ta rk
(1 9 6 9 ) was followed closely. A fte r th e re a g e n t w as pre
p ared , a colum n ( 1 X 1 5 cm ) o f th e iso th io cy an a te resin
was packed, th o ro u g h ly w ashed w ith py rid in e b u ffer (pyrid in e -y V -eth y lm o rp h o lin e-P h O (1 5 :1 .4 ), ad ju ste d to p H 8.1
w ith glacial ac e tic a c id ), a n d m a in ta in e d a t 5 5 ° for th e fol
low ing reac tio n s. G lu ca g o n , 15 /xmol, w as dissolved in 2.5
ml o f th e sam e p yridine b u ffer a n d a b o u t 5 X 106 cpm o f
[ l251]glucagon w as a d d e d to m o n ito r th e recovery. A fte r
the sam p le was placed on the resin, I ml o f the b u ffer w as
added to w ash dow n th e sam ple. All solvents used su b se
qu en t to th e coupling step co n tain ed 1% m e reap to e th an o l to
p ro te ct a g a in s t ox id a tio n . A fte r allow ing coupling o f g lu c a
gon th ro u g h its am in o g roups to th e resin to proceed for 1.5
h r a t 5 5 °, th e colum n w as w ashed tw ice w ith 25 ml o f pyri
d in e b u ffer a n d six tim es w ith 25 m l o f p y ridine, un til no ra 
d io a ctiv ity w as d etecte d in th e elu ate. T h e resin w as w ashed
ag a in w ith fo u r 50-m l portions o f te tra h y d ro fu ra n , a n d th e
te tra h y d ro fu ra n w as d isp la ced by a d d in g 3 m l o f th e cleav
ag e solvent (triflu o ro a c e tic a c id -g la c ia l a c e tic acid (4 :1 )) to
th e colum n; th e colum n flow w as sto p p ed a n d 10 m l o f
cleav ag e solvent w as ad d e d . A fte r 30 m in w ith occasional
s tirrin g , this step w as rep ea ted once to en su re a good yield
o f cleav ag e p ro d u ct. F inally th e colum n w as w ashed w ith 8
ml o f th e sa m e solvent. A ll th e cleavage elu ates w ere com 
bined and lyophilized to dryness. T h e yield o f th e D H -g lu cagon a t this sta g e ran g ed from 10 to 20%. T h e p ro d u ct ob
ta in ed a t this s ta g e has a brow nish color; its a m in o acid
an aly sis show ed th e presence o f g lu c o sa m in e a n d a b o p t 0.15
residue o f h istidine. S in ce th e resin co n tain ed covalently
bound g lucosam inol a n d a fte r extensive w ashing th e only
so u rce for free h istidine w as th e g lucagon coupled th ro u g h
6- N H : groups to th e resin, it ap p e a rs th a t hydrolysis had
o cc u rre d a t th e iso th io cy an a te g ro u p an d th u s glucosam inol
and in ta c t glucagon w ere released. T h is c o n ta m in a n t was
rem oved by c h ro m a to g ra p h y on a D ow ex 50 colum n. T h e
p ro d u c t was dissolved in 5 ml o f 0.1 M p y rid in e -a c e ta te
b u ffer (p H 3.3), a n d ap p lied to a A G 5 0 W -X 2 colum n (0.9
X 9 cm ), e q u ilib ra te d w ith th e sam e b u ffer a t 55°. A fte r
w ashing th e colum n w ith 20 m l o f 0.77 M p y rid in e -a c e ta te
bu ffer (p H 4 .4 ), D H -g lu cag o n w as elu ted w ith 60 ml of
1.38 M p y rid in e -a c e ta te b u ffer (p H 4 .8 ). A fte r being con
ce n tra te d to 3 m l, the p ro d u ct was gel filtered on a S ep h adex G -10 co lu m n (1.5 X 28 cm ) w ith 10% ac e tic acid and
then lyophilized. T h e yield w as 5-10% .
In o rd e r to a s c e rta in the a m o u n t o f u n re a c te d g lucagon
in th e final p ro d u ct, a la rg e am o u n t (20 nm ol) o f peptide
was applied to the a m in o acid a n a ly z e r a fte r m e th an esu lfo nic acid hydrolysis. W ith su ita b le co n tro ls, it w as e s ta b 
lished th a t th e a n a ly z e r could d e te c t h istidine a t levels o f
0.1 nm ol as a d istin c t peak. A s show n in T a b le 1, D H -g lu c a 
gon co n tain ed less th a n 0.5% of h istid in e resid u e w hereas
all o th e r am ino acid residues, including try p to p h a n and lys
ine, w ere unch an g ed . W e conclude from this an aly sis th a t
D H -g lu cag o n co n tain s a t m ost 0.5% c o n ta m in a tin g g lu c a 
gon.
P rep a ra tio n o f C N B r-G lu ca g o n . T h e p re p a ra tio n o f
C N B r-g lu c a g o n follow ed th a t gen e ra l m eth o d for cyanogen
brom ide cleavages o f peptides and pro tein s (S tee rs et al.,
1965). G lucagon (1 2 .0 m g or 3.70 ^ m o l) w as dissolved in
12 ml of 70% form ic acid (red istilled ), and 110 mg of cy
anogen brom ide was ad d ed . T h e m ix tu re was s tirre d for 14
hr a t 25° and then 30 m g m ore o f cyanogen b rom ide was

T able I: A m ino Acid C o m p o sitio n s o f G lucagon an d Its De
rivatives. a
A m jn o

Porcine Glucagon

Acids

F ound Theory

T rp
Lys
Hisb
Arg

Asp
Thr
Ser
Glu
Gly
Ala
Val
M etti
Leu
Tyr
Phe

0.98
1.03
0.88
2.00
3.93
2.88
3.46
3.03
0.95
0.93
0.89
0.93
2.05
1.92
2.00

1
1
1
2
4
3
4
3
I
1
I
1
2
2
2

DH-Glucagon

CNBr-Glucagon

Found

T h eo ry

Fo u n d

T heory

0.93
1.08
<0.005
1.83
4.29
2_51
3.38
3.28
1.10
1.03
0.90
1.07 •
2.23
1.84
1.84

1
1
0
2
4
3
4
3
1
1
1
1
2
2
2

0.88
1.00
0.82
2.00
2.68
1.73
3.60
3.03
1.07
0.93
0.86
< 0.005
2.02
2.02
2.02

1
1
1
2
3
2
4
3
1
1
1
0
2
2
2

a A m in o acid co m p o sitio n s w ere an a ly zed a fte r 2 0 -h r h y 
dro ly sis a t 115° in 4 vV m e th a n e su lfo n ic acid c o n ta in g 0.2%
try p ta m in e . T h e results ex p ressed in resid u es p er m olecule
are u n c o rre c te d fo r any d e s tru c tio n d u rin g h y d ro ly sis.
b H istidine an d m e th io n in e w ere m e asu red in sep arate a n a 
lyses, in w hich 20 o r 30 n m ol o f DH- o r C N B r-glucagon, re 
sp ectiv ely , was app lied . In e ith e r an aly sis, no d is tin c t peak
was d e te c te d ; it was estab lish ed th a t th e an a ly zer co u ld d e 
te c t 0.1 nm ol o f am in o acid as a d is tin c t peak .

ad d e d . A f te r a to tal o f 24 h r th e so lu tio n w as lyophilized.
A clean s e p a ra tio n o f n ativ e g lu c ag o n {R p 0 .3 2 ) from
C N B r-g lu c a g o n {R p 0 .5 7 ) w as o b ta in e d by slig h tly m odi
fying a so lv en t sy stem a lre a d y d ev elo p ed for p a rtitio n c h ro 
m a to g ra p h y o f glu cag o n (H ru b y a n d G ro g in sk y , 1971). ,
T h e sy stem used was l-b u ta n o l- e th a n o l- b e n z e n e - 0 .2 N
am m o n iu m h y d ro x id e (5:2:1:8) a d ju ste d to pH 9.4 by acetic
acid. T h e sam p le w as dissolved in itia lly in 1 ml o f 50% ace- '
tic a c id ,,a n d then 2 ml o f u p p er p h ase w as a d d e d . T h e m ix
tu re w as p laced on a 2.2 X 57 cm c o lu m n o f S ep h an d e x G 25 (1 0 0 -2 0 0 m esh) w hich h ad been e q u ilib ra te d w ith the
u p p er an d low er phases (H ru b y an d G ro g in sk y , 1971). T h e
p ep tid e p eak w as d eterm in ed using th e m e th o d o f Low ry et
al. (1 9 5 1 ); th e C N B r-g lu ca g o n p eak w as pooled and lyophi
lized. T h e pep tid e was su b jec ted to gel filtra tio n on S ep h adex G -1 5 (1 X 56 cm ) using 50% ac e tic ac id . A fte r lyophilizatio n , 3.4 m g o f w h ite p ow der w as o b ta in e d fo r a yield o f
31%.
A m in o acid an aly sis show ed no m e th io n in e (< 0 .5 % ,
T a b le I) even w hen th e c o n c en tratio n o f th e a n a ly zed sam 
ple w as ex trem ely high.
A c tiv a tio n o f H e p a tic A d e n y la te C yc la se b y G lucagon
D eriva tives. A ty pical c o n c e n tra tio n -a c tiv ity cu rv e for n a
tive g lu cag o n is show n in F ig u re 1. A c tiv a tio n o f ad e n y late
cyclase was d etecta b le a t 2 X 10~ 10 A / g lu cag o n an d m axi
m al ac tiv ity was reac h ed a t 4 X 10-8 M g lu c ag o n . By con
tra st, D H -g lu cag o n did not s tim u la te a d e n y la te cyclase ac
tiv ity u n til its c o n c en tratio n reac h ed 3 X 10~ 9 M . F u rth e r
m o re, even a t 10-6 M . a m a x im a l s tim u la tin g c o n c e n tra 
tion, D H -g lu cag o n stim u lated less th a n 70% o f th e m axim al
activ ity en g e n d ered w ith n ativ e g lu cag o n . B ased on th e con
ce n tra tio n o f D H -g lu cag o n req u ired to give a c tiv ities equiv
a le n t to th a t given w ith glu cag o n , it w as e s tim a te d th a t the
d eriv ativ e, on a m o lar basis, has a b o u t 2% o f th e in trin sic
ac tiv ity given by n ativ e g lu cagon. Ju d g in g from am in o acid
an aly sis (T a b le I) and th e n a tu re o f th e c o n c e n tra tio n -a c B I OC HEM IS TR Y,
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u m abeied pe p tid e a d d ed M
Peptide coocentretion. M
F I G U R E I : Concern [ration-activity curves for porcine glucagon and its
derivatives. The activity of hepatic adenylate cyclase was m easured as
described in the Experim ental Section The concentration of each pep
tide was estimated from its absorbance at 280 nm or by am ino acid
analysis.

tivity cu rv e, it is highly unlikely th a t th e activ ity given by
D H -g lu cag o n is due to c o n ta m in a tin g g lucagon. T h u s,
w hile co n firm in g a previous rep o rt ( R od bell et a l„ 1971a)
th a t the N H z -te rm in a l h istid in e plays an im p o rta n t role in
the expression o f ho rm o n e a c tio n , o u r d a ta show th a t this
residue is not essen tial for h o rm one ac tio n as previously
th o u g h t.
In a d d itio n to rem oval o f th e te rm in a l th re o n in e and a s 
p arag in e residues of glucagon, C N B r tre a tm e n t converts
m ethionine to hom oserine lactone. T h ese ch a n g es in the
s tru c tu re o f glucagon reduced its effectiveness to ac tiv ate
the ad e n y la te cyclase system by 40- to 50-fold (F ig u re I).
H ow ever, C N B r-g lu c a g o n , in c o n tra s t to D H -g lu cag o n . was
ca p ab le o f ca u sin g th e sam e deg ree o f a c tiv a tio n o f ad e n y l
a te cyclase as the native horm one. Ju d g in g from the am ino
acid analysis (T a b le I), c o n ta m in a tin g glucagon w as less
than 0.5%; th e refo re, the ac tiv ity observed m ust rep resen t
the in trin sic a c tiv ity o f C N B r-glucagon.
It has been rep o rted th a t the in c o rp o ratio n o f iodine into
the tyrosyl residues o f glucagon reduces th e c o n c en tratio n
n ecessary for h alf-m ax im al s tim u la tio n of a d e n y la te cyclase
activ ity by ab o u t fivefold ( B rom er et al.. 1973). Previously
it had been rep o rted (R o d b ell et al.. 1971b) th a t glucagon
io dinated w ith H w as essen tially id e n tic al w ith glucagon in
its ab ility to stim u la te a d e n y la te cyclase activ ity . B ecause of
the w idespread use o f io dinated g lucagon in binding and a c 
tivity stu d ies, we considered it im p o rta n t to reex am in e the
effects o f m onoiodoglucagon, kindly supplied by Dr. B rom 
er, on the a d e n y la te cyclase system . As show n in F igure I,
native an d m onoiodoglucagon gave essentially th e sam e
c o n c e n tra tio n -a c tiv ity curves. As show n below (F ig u re 2),
the relativ e affin ities o f glu cag o n and m onoiodoglucagon
for the glu cag o n binding sites in h e p a tic m e m b ran es a re
also the sam e.
G lucagon B inding a n d C o m p e titio n w ith Its D erivatives.
H ep atic plasm a m e m b ran es c o n tain binding sites th a t a re
highly specific for glucagon ( Rod bell et al., 1971b). T he
relative affin ities o f native glucagon an d the various d eriv a
tives for these sites w ere d eterm in ed by th e ir a b ility to com 
pete w ith the binding o f ( i : 'l]g lu c a g o n to h ep a tic m em 
b ranes. A s ju d g ed by the c o n c e n tra tio n s req u ired for 50%
d isp lacem en t o f the labeled h o rm one, m onoiodoglucagon
has the sam e affin ity as native glucagon for the binding
sites w hereas the affin ities o f D H -g lu cag o n an d C N B r-g lu 
cagon for these sites w ere sh ifted I 5 -fold and 50-fold, re 
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F I G U R E 2: Effect of addition of unlabeled peptides on the binding of
[ i : , IJ glucagon The binding assays were carried out with 4 X l O - ’ Af
j ‘J ,l[glucagon (specific activity. 10* cpm /pm ol) as described in the
Experim ental Section. Unlabeled peptides were added at the concen
trations indicated.

sp ectively (F ig u re 2). It sh o u ld be em p h asized th a t th e loss
o f affin ity o f the m odified g lu cag o n d eriv ativ e lack in g only
histid in e w as relativ ely sm all (1 5 -fo ld ) (in th re e o th e r ex
p erim en ts o f th is type, th e av e ra g e w as 17-fold) w hen co m 
p ared to its loss o f ab ility to a c tiv a te th e a d e n y la te cyclase
sy stem ( g re a te r th a n 5 0-fold). O n th e o th e r h an d . C N B rg lu cag o n d isp lay ed nearly id en tical d ec re ases in b o th affin i
ty for th e bin d in g sites and in ab ility to a c tiv a te th e ad e n y l
ate cy clase sy stem (40- to 5 0-fold). It is reaso n ab le to con
clu d e from these d a ta th a t m o d ifica tio n a t th e C O O H -te rm inal region of glu cag o n by tre a tm e n t w ith cy a n o g en bro
m ide sig n ifican tly reduces the affin ity o f th e p ep tid e for its
rece p to r but ap p a re n tly does not affe c t th e in trin sic activ ity
o f th e h o rm o n e deriv ativ e as c o m p ared to th e n ative h o r
m one. O n th e o th e r h an d , m odificatio n o f th e am in o -te rm i
nal region o f th e h orm one by rem oval o f th e te rm in a l histidyl g ro u p not only sig n ifican tly red u ced th e a ffin ity o f the
p ep tid e for th ese sites, b u t also d ec re ased su b sta n tia lly the
in trin sic ac tiv ity o f the horm one.

D iscussion
O u r d a ta show th a t m o n o iodoglucagon behaves id e n tic al
ly w ith n ative glu cag o n in both its b in d in g to sp ecific g lu c a
gon bin d in g sites in h ep a tic p lasm a m e m b ra n e s an d on a d e
n y la te cy clase a c tiv ity in these m e m b ran es. S in ce th e p rep a
ratio n o f m o n o iodoglucagon tested in this stu d y w as o b 
ta in ed from th e sam e la b o rato ry w hich re p o rte d th e in 
creased biological activ ity o f m on o io d o g lu cag o n ( B rom er et
al., 1973), th e d ifferen ce betw een th e tw o stu d ie s is not
read ily ex p lain ab le. T h e ten d en cy o f g lu c ag o n to ag g reg a te
in aq u e o u s so lu tio n (G ra tz e r and B eaven, 1969; Beaven et
al., 1969) m ig h t be co n trib u to ry to th is d iscre p an cy . W e
have found th a t th e effectiveness o f g lu c ag o n on a d e n y late
cy clase activ ity decreases su b stan tially a f te r s to ra g e in solu
tion, esp ecially a t c o n c en tratio n s above IO- ? W T h erefo re,
we h av e c o n siste n tly used freshly p rep are d so lu tio n s of g lu 
cag o n an d th e d eriv ativ es em ployed in th is stu d y .
It is essen tial to establish the p u rity o f c h e m ica lly m odi
fied horm o n es before any m e an in g fu l stu d y ca n be carried
o u t w ith th e deriv ativ es. W e have ta k en g re a t c a re to m ake
c e rta in th a t u n reac ted glucagon re m a in in g a f te r p u rifica
tion w as m in im a l. C are fu l a m in o acid a n a ly ses in d icated
th a t c o n ta m in a tio n d u e to n ative g lu c a g o n w as less th a n
0.5% for C N B r- an d D H -g lu cag o n . T h e re fo re , th e observed
p ro p erties o f these tw o d erivatives c a n n o t be a ttrib u te d to
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the u n re a c te d g lucagon. W e have show n th e ex ten t of
changes in th e p ro p erties o f glu cag o n pro d u ced by rem oval
o f tw o residues from th e C O O H -te rm in a l region o f g lu c a 
gon by cyanogen b rom ide tre a tm e n t. T h e co n trib u tio n o f
A sn 28 and T h r 29 an d possibly th e te rm in a l carb b x y g ro u p to
th e affin ity o f the h orm one is a m a jo r one. T h e p a rtic ip a 
tion o f these h y d ro p h ilic residues (N o z a k i and T a n fo rd ,
1971) indicates th a t hyd ro p h o b ic in te ra c tio n s betw een glu 
cagon and its re c e p to r a re not th e only forces involved in the
binding process. T h e p arallel loss o f both binding and bio
logical a c tiv ity stro n g ly su g g ests th a t th e role o f th e last tw o
residues is s tric tly in the recognition process. T h e y do not
a p p e a r to be involved in th e seq u en ce o f events lead in g to
ac tiv atio n of a d e n y la te cyclase.
It has been rep o rted previously (R o d be 11 et al., 1971a)
th a t D H -g lu cag o n w as devoid o f biological a c tiv ity w ith
only a loss of a b o u t tenfold in a ffin ity for th e rece p to r. T h e
im plication of this finding and the p o te n tia l use o f this d e
rivative as in h ib ito r o f glucagon actio n a re a p p a re n t (B irnb a u m e r an d Rohl, 1973). O u r stu d y has co n firm ed the p re
vious finding th a t the N H z -te rm in a l h istid in e residue in
glu cag o n plays an im p o rta n t role in th e expression o f h o r
m one ac tio n in a d d itio n to im p a rtin g som e c o n trib u tio n to
th e binding o f the h o rm one to th e specific binding sites in
h ep a tic p la sm a m e m b ran es. H ow ever, we found th a t D H glucagon, p rep are d an d purified as d escrib ed here, is a c tu 
ally a w eak a g o n ist since, a t lO-6 M , th e derivative was
ab le to induce a b o u t 70% o f th e m ax im al stim u la tio n given
by 10™8 M glucagon. T h u s, the his tidy I residue, though im 
p o rta n t in th e binding and ac tio n s o f th e horm one, does not
play an o b lig ato ry role in th ese processes. It is unlikely,
th e refo re, th a t th e histidyl residue o f native glucagon p a r
ticip ates in a c a ta ly tic fu nction as observed for the histidine
residue in various enzym es (M o o re an d S tein , 1973; B ender
an d K ezdy, 1965). It is possible th a t th e histidyl residue is
liganded to an im p o rta n t region o f the rece p to r, or even the
c a ta ly tic unit o f ad e n y la te cyclase, th a t is im p o rta n t in the
expression o f ho rm o n e actio n . In this reg ard , it has been
show n th a t w hile disso ciatio n o f bound glu cag o n from its
rece p to r is facilitate d by th e actio n s o f g u an in e nucleotides
on th e ad e n y la te cyclase system (R o d b ell et al., 1971,
1974), b inding of D H -g lu cag o n to th e re c e p to r w as relativ e
ly u n affec ted (R u b a lc a v a an d R odbell, 1973). S ince g lu c a 
gon an d g u an in e nucleotides a c tiv a te ad e n y la te cyclase in a
co n c erted fashion (R odbell et al., 1974), it is conceivable
th a t the histidyl residue o f glucagon is involved in this con
ce rted process.
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SUMMARY
Semisynthetic C-terminal modified derivatives and analogs of'glucagon
were prepared by reaction of nucleophiles such as hydrazine and 1-aminobutane with CNBr-glucagon.

Studies of the adenylate cyclase and binding

activities of these compounds indicated that excessive changes in steric
and lipophilic properties at the C-terminal of glucagon are more important
than.changes in charge on the display of these activities.

On the other

hand, substitution of both the Na-terminal amino group and the N e-amino
group of lysine-12 in glucagon and CNBr-glucagon gave derivatives which
are inactive in the adenylate cyclase and binding assays, suggesting the
-importance of steric effects and perhaps charge at these residues on
glucagon activity.

Both the adenylate cyclase activity and binding

properties of iodo-glucagon are pH dependent.
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Studies of glucagon structure-function constitute' an important approach
to understanding the mechanism of glucagon action.

This has become increasingly

important recently in view of the considerable evidence that glucagon plays
a-jtf critical role in diabetes mellitus\

A number of structure-function studies,

have been made, but the results have often been contradictory or difficult
to interpret due to contamination of the derivative or analog.

In addition,

dose-response relationships, possible competitive activity, and binding
parameters were seldom determined, and hence, important properties such as
partial agonism or competitive inhibition could not be assessed.

Clearly

more extensive purification and bi.ological activity determinations are needed
to obtain a more critical view of structure-function relationships in this
important hormone.
Recently, we have reported

2 the

1

preparation of pure [des-His ]glucagon

(DH-glucagon, &) and [des-Asn28, Thr29][homoserine lactone27]glucagon (CNBrglucagon, 2), the development of partition chromatography and ion exchange
chromatography methods for purification of these derivatives, and a careful
study of the biological activity of these compounds in the hepatic adenylate
cyclase assay, and of their ability to bind to sites specific for glucagon
in hepatic plasma membranes.
In this report we present further data on the biological activity and
binding of semisynthetic analogs of glucagon using CNBr-glucagon as an
intermediate, and further data on the importance ofthe amino groups and
tyrosine residues in glucagon.
MATERIAL AND METHODS
Crystalline porcine glucagon was purchased from Elanco or from Schwarz/Mann
and either purified by the methods of Bromer eta l o r

used as received
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f1"5!]Glucagon _[9) was prepared by a slight modification of published
procedures^1
described^.

All other materials were obtained from sources previously
Rat liver plasma membrane preparations and assays for adenylate
12S

cyclase activity and for [

2

I]glucagon binding were done as before .

Adenylate cyclase activity and receptor binding results reported in
Table 1 are tabulated relative to glucagon activity.

In the former case, the

glucagon concentration necessary to promote half-maximal activation is defined
as 100 and all other activities are reported relative to this.

In the later

case the concentration of cold glucagon necessary to displace half of the bound
- [*^I]glucagon (4 x 10”^ M) is defined as 100 and all other activites are
reported relative to this.
The CNBr-glucagon derivatives

£, ^5 (Table 1) were prepared by treatment

of CNBr-glucagon with a 100-1000 fold excess of the appropriate amine derivative
in aqueous dimethylformamide solution at pH 7.5-9.

Na , Ne-BisBoc~CNBr~glucagon

(6) was prepared by treatment of 2^ with a large excess of t-butyloxycarbonyl
azide in aqueous pyridine, and Na , NG-bisiodoacety1-glucagon (7) was prepared
by treatment of glucagon with N-hydroxysuccinimide iodoacetate.

All compounds

were purified by partition chromatography or ion exchange chromatography, and
by gel filtration.

CNBr-glucagon (2) and DH-glucagon (8) were prepared as
2

previously described .

RESULTS AND DISCUSSION

Semisynthetic analogs of glucagon substituted in the C-terminal region
of the hormone could be prepared by nucleophilic ring opening reactions at
the homoserine lactone C-terminal residue of CNBr-glucagon (2) under mild
conditions.

Reactions of _2 with hydrazine, 1-aminobutane, and 6-aminohexyl

biotinylamide gave, respectively '[des-Asn

28

,Thr

29

. 27
] [homoserine hydrazide I

glucagon O ), .[des-Asn28,Thr29][N-butyl homoserineamide27]glucagon (£) and
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29
1
6
27
.[dcs-Asn ,Thr ] [N ~ (N -hexylbiotinylmnide) homoserineamidc ]glucagon (5)
respectively.

Both

and £ have adenylate cyclase and binding activities very

similar to CNBr-glucagon, but addition of a bulky substituent as in 5_ greatly
reduces the adenylate cyclase activity (Table 1) suggesting that excessive
changes in steric and lipophilic properties at the C-terminal are of more
significance than changes in charge on the activity and binding of glucagon.
To further examine these effects, the semisynthesis of-other glucagon analogs
by addition of amino acids and peptides to CNBr-glucagon is being investigated.
The effects of changes at the N-terminal residue and the amino groups of
glucagon are more complex.

DH-Glueagon

2

is a partial agonist in the adenylate

cyclase assay, and possesses about 70% of the maximal activity, 2% of the

£
potency, but about 10% of the binding activity of glucagon.

Derivatizing the

two primary amino groups in either CNBr-glucagon with Boc groups as in 6., or
glucagon with iodoacetyl groups to give the potential affinity labeled glucagon
derivative £ gives inactive, non-binding derivatives, suggesting that the
steric changes at these two .positions prevent binding to the receptor to any
significant extent, though changes in charge may also play a role.
Finally, the importance of the tyrosine residue (s} of glucagon to the
hormone's biological activity is indicated by the differing pH dependence of
the adenylate cyclase and receptor binding activities of iodo-glucagon (Lin,
Nicosia, Rodbell, submitted). The evidence suggests that in its unionized
form, iodo-glucagon binds to liver plasma membranes and activates adenylate
cyclase better than glucagon, but in its ionized form it does not bind to
membranes and does not activate adenylate cyclase.
These studies indicate that the C-terminal portion of glucagon is primarily
concerned with binding to the receptor, while the amino terminal and perhaps
central portion of the molecule are important to both binding to the receptor
and to activation of adenylate cyclase.

)
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Table 1.

Relative Activity and Binding of Glucagon and Glucagon Derivatives
and Analogs with Hepatic Plasma Membranes

Adenylate Cyclase

Compound

Receptor Binding

Activity

Activity

1. Glucagon

100

100

2_. CNBr-Glucagon

2-3

2-3

3

3

2. CNBr-Glucagon-NHNH2
£. CNBr-Glucagon-NH(CH2)^CH^

- ■

3

6. Na ,Ne-BisBoc-CNBr-Glucagon

None

7. Na >Ne-BisIodoacetyl-Glucagon

None

9. [125I]Glucagon

' '

■ 3-4

.1- .2

5_. CNBr-Glucagon-NHCCH2)^NH-Biotin

_8. DH-Glucagon

,

2 ^
e
90-300

*
Activity dependent on pH of assay medium.

—

None
x

None .
7-10
6

30-300*
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