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Summary. Synthetic glueagon (nonicosapeptide) ap- 
pears to be identical with the natura l  hormone in chemical 
analyses, and has a similar crystalline structure. Synthetic 
glucagon has the same biological ac t iv i ty  as the natural ,  
twice reerystMlized, pancreatic glucagon when measured 
by  its effects on glycogenolysis in the liver, on lipolysis 
in adipose tissue and on endogenous insulin release, i n  
immunological tests both  the  synthet ic  nonicosapeptide 
and pentadecapept ide  9--23 showed identical immun 0- 
react iv i ty  to the na tura l  hormone. Proof of the to ta l  syn- 
thesis of glucagon appears conclusive. 

La rdactivit~ immunologique et l'activitd biologique du 
glucagon synthdtique 

Rgsumd. D'aprgs l 'analyse chimique, le glucagon ob- 
tenu par  prgparat ion synthdtique (Nonicosapeptide) 
montre  une similitude frappante  avec l 'hormone naturelle 
e t a  une structure cristalline semblable. Le glucagon syn- 
thdtique possgde la mgme activit6 biologique que le gluca- 
gon naturel  (deux lois cristallis6) provenant  de l ' ex t ra i t  
pancrdatique, lorsque ses effets sont mesurds sur la glyco- 
gdnolyse des coupes de foie igol6, sur la lipolyse in vitro 
du tissu adipeux, ainsi que sur la glycgmie humaine et la 
sgcrdtion insulinique endoggne. L 'hormone synthgtique 
nonieosapeptide ainsi que le pentadecapept ide de 1'hor- 
mone sgquenee 9 --  23 montrent  dans les tests immunologi- 
ques une immuno-rgactivitd identique ~ celle de l 'hormone 

naturelle. La rdussite de la synth6se eompl6te du glueagon 
pancr6atique est ainsi d6montr6e. 

Immunologisches Realctionsverm6gen und biologische 
Alctivit(~t des synthetischen Glucagons 

zusa~!@~ssung .  Das synthetisch hergestellte Glu- 
cagon (Nonikosapeptid) zeigt in den ehemisehen Analysen 
eine weitgehende Ident i t~ t  mi t  dem natiirl ichen t to rmon 
und bildet  die gleiche Kristallform. Die vergleiehenden 
biologischen Untersuchungen in vitro und in vivo zeigten, 
dab das synthetische Glucagon eine /ihnliche Akt iv i t~ t  
wie das aus Pankreasext rakten  gewonnene zweifach re- 
kristallisierte Glucagon besitzt.  Es wurde die Wirkung auf 
die Glycogenolyse an isolierten Leberschnit ten und auf 
die Lipolyse an isolierten Fettzel len in vitro sowie auf den 
Blutzueker und auf die endogene Insulinsekretion in vivo 
beim Menschen gemessen. Im immunologischen Test zeigte 
nieht nur das synthetisch hergestellte Nonieosapeptid,  
sondern auch das Pentadecapept id  der Hormon-Sequenz 
9--23 eine dem natiirl ichen Hormon vergleichbare Reak-  
tionsf/ihigkeit. Es ist somit der Beweis erbracht,  dag die 
Totalsynthese des Pankreashormons Glucagon gelungen 
ist. 

Key-words: Glueagon; natural  and synthetic hormone, 
glyeogenolysis, lipolysis, blood glucose, endogenous insulin, 
immunoreaet ivi ty.  

B o t h  the  molecular  s t ruc ture  and  physiologica l  role 
of g lucagon have  become k n o w n  in considerable  deta i l  
b y  chemical ,  b iochemical ,  b iological  and  immunologi -  
cal me thods  [9]. STAVB and  his co-workers  [6] isolated,  
in  1953, th is  biological ly  ac t ive  o l igopept ide  f rom raw 
insulin p repa ra t ions .  BROM]~ and  his co workers  [1] 
were the  first to  propose  i ts  p r i m a r y  s t ruc ture  in 1956: 

NH2 
H2N--  H i s - -  Ser--  Glu--  Gly- -  Thr - -  Phe - -  Thr - -  Ser--  

1 2 3 4 5 6 7 8 
OH 

Asp -- Tyr --  Ser --  Lys --  Tyr  --  Leu- -  Asp --  Ser = A r g  -- 
9 10 11 12 13 14 15 16 17 

NH2 NH2 
Arg - -  A la - -  Glu- -  Asp -- P h e - -  Va l - -  Glu--  T r y - -  Leu- -  
18 19 20 21 22 23 24 25 26 

NH~ 
Met- -  Asp - -  Thr - -  OH 
27 28 29 

The synthes is  of g lucagon was achieved b y  Wf f~sc ~  
et  al. [12, 13] in 1967 (Fig. 1): 

* This s tudy  was supported by  a grant  from the 
"Deutsche  Forschungsgemeinschaft".  

** Max-Planek-Ins t i tu t  fiir EiweiB und Lederfor- 
sehung, Abtei lung fiir Peptidehemie,  Miinchen. 

The syn the t ic  non icosapep t ide  1 - -29  a was crysta l -  
l ized b y  leaving  a 0.25% aqueous  solut ion near  the  
isoelectric po in t  a t  4~ for severa l  days ,  whereupon  
rhombic  dodecahedron  crys ta ls  s lowly p r e d i p i t a t e d  
(Fig. 2). 

(The syn the t i c  hormone  was comple te ly  d issolved 
b y  ad jus t ing  an  aqueous  suspension of the  hormone  to  
p i t  10.8 using 0.05 N sodium hydroxide ,  t hen  changing  
to  p H  9.3 using 0.05 N hydrochlor ic  acid.)  

T ryps in  deg rada t ion  of bo th  the  n a t u r a l  g lucagon 
and  the  ful ly  syn the t i zed  t r i cosapep t ide  1 - -23  led  to  
s imilar  f rac t ions  in  the  "a lka l i  zone".  I den t i ca l  a- 
moun t s  of free arginine were found, a fact  which is due 
to  an  a rg iny l -a rg iny l  b o n d  in the  sequence. 

The i d e n t i t y  of bo th  biological  a c t i v i t y  and  im- 
munologica l  r eac t iv i ty ,  were crucial  cr i ter ia  to  prove  
t h a t  t o t a l  synthes is  of g lucagon a n d  the  amino  ac id  
sequence as p roposed  b y  B~O~ER and  co-workers  [1] 
were correct.  To s t u d y  these biological  p roper t ies  of the  
syn the t i c  hormone,  the  effect of c rys ta l l ized  syn the t i c  
g lucagon was compared  wi th  the  effect of twice re- 
crys ta l l ized  n a t u r a l  po rk  g lucagon 1 as shown in the  
following tes ts  [11] : 

1 Kindly  supplied by  Dr. ScI~6~E, Farbwerke  Hoeehst,  
Frankfurt-Hoeehst .  
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1. glycogenolysis in slices of rat. liver in vitro [7] ; 
2. tipolysis in isolated fa't ceils [4] (epididymM fat 

pad of rat) measuring the release of glyceroI and free 
fatty acids [t0]; 

3. measurement in vitro of 14C0~ production from 
~t~C-6-gIucose in isolated fat cells [10] ; 

In the biotogicM ~sts hormone concentrations be- 
tween 0.005 and 1 ~g/ml were used. Glucose (hexo- 
kinase method, Boehringer) and glycerol [3] were 
determined enzymatically, free fatty acids according 
to DoL~: [2], and plasma insulin radioimmunotogically 
[14L 

(7-- t5b) NPS-- 
(Ii) 

(1.~6a) AdOC-- 
(i) 

(IV) u (V) 

NPS-- ~ --OtBu (22--29b) 

(16--21c) N P S - - ~ - - O H  H - - ~ - - O t B u  (22--29e) 
( i i i )  V . . . . .  

NPS-- ~ - - O t B u  (16--29b) 

--OH H - - ~  ......... --O~Bu (16~-29c) 
"~ 

NPS-- ~ - - O t B u  

~ . .  --OI-[ H-- ~ - - 0 t B u .  

T 
AdOG-- ~ - - O t B u  (1--29a) 

(7--29a) 

(7~19b) 

TFE 

l) Dowex-4 
(basic) 

2) CH~CO~H 

"raw.glue .agon" (1--29b) 

NPS ~ Na-2-nitrophenyt-sulfonyl protecting group; 
OtBu = O4ert.-butytester protecting group; 
AdOC = N~N (im)-di-adamantytoxycarbonyI pro~ecting group; 
TFE = ~rifluoroacetie acid 

----- amino acid sequences; 

Fig. 1. Scheme of glucagon synthesis [12] 

Results and Discv.ssion 

Fig. 2. Crystals of synthetic glucagon [13] 

4. the changes of blood glucose and plasma insulin 
level in human subjects after intravenous injections of 
1 mg glucagon in 10 ml 0.9 N NaC1 [5]; 

5. radioimmunological measurement of reactivity 
with anti-glucagon-serum from rabbits (final dilution 
t :200) [8, 9]. 

In liver slices both synthet, ie and natural glucagon 
caused a strong glycogenolysis depending on the con- 
centration of 4he hormone; 0.1 ~g glueagon/ml released 
about 6 i~moI of glucose)nl/100 mg liver dry weight. 
At 1.0 ~g glucagon/ml the glucose concentration in the 
incubated medium increased twofold within 60 mill. 
There was no significant difference between the syn- 
thetic and the natural glucagon, as can be seen in Fig. 3, 
When measuring the lipolysis in isolated fat cells the 
s~thet ic  glucagon had an effect comparable with the 
natural hormone (Fig. 4). At a concentration of 0.005 9g 
glucagon/ml there was already a significant release of 
glycerol and free fat ty acids into the incubation medi- 
um. A very distinct rise of the release was no~iced at, 
increased hormone concentrations of 0.05 and 0.5 ~g/ 
ml. Earlier investigations [10] had shown that fat cells 
take up more glucose during a hormone-induced lipo- 
lysis, and that glycolysis and glucose oxidation, espe- 
cially at the 6th C.atom of glucose, are also accelerated. 
The increased glucose metabolism in adipose tissue 
corresponds to the extent of ]ipolysis as shown in the 
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measurement  of a~CO~-production out of ~C-6-glueose 
(Fig. 5), Here again no difference was found between 
natural  and synthetic glucagon in its effect on lipolysis. 

After i,v. injection of 1 mg crystallized synthetic 
glucagon the rise of blood sugar in man is comparable 

Crystallized synthetic glucagon displaced ~SHodine- 
labelled glucagon from the ant ibody binding to a simi- 
lar extent as the unlabelled natural  hormone. With 
rising hormone concentrations the two standard curves 
show a parallel decrease of the act ivi ty of the hormone- 
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Fig. 3. Effee~ of synthetic or natural glueagon on glucose- 
output (glycogenolysis) from rat  liver slices in vitro 

(n = 4; mean values ~ so. e.m.) 
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]Pig, 4. Effect of synthetic or natural glueagon on the 
release of glycerol aa~d free fat ty  acid (FFS) from isolated 

rat. fat ceils (n = 4; mean values ~ s.e.m.) 

with tha t  obtMned by  natural  glueagon (Fig. 6), 
Within 5 rain after the injection a s~gnificant rise i n  
plasma insu l i n  was also not iced,  Th is  rise was no t  due 
t,o sn  increase i n  b lood sugar, bu t  the consequence of  
dd;eeet s t imu la t i on  of syn the t ic  g lucagon on endogenous 
release of insulin [9, 5]. 

~& reaction of immunological identi ty of synthetic 
and natural  glucagons with anti-glueagon-serum from 
rabbits was also observed (Fig. 7). 
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Fig. 5. Effect of synthetic or natural gtueagon upon gtu- 
cose,6,1~C incorporation into COs by isolated rat  fat cells 

(~ = 4; mean values ~ s.e.m.) 
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Fig. 6, Blood glucose and plasma insulin response to i.v. 
injection of i m g  synthetic ( ............... ) or natural ( - - - - - )  

g]ucagon into human subjects 
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a n t i b o d y  complex�9 I t  could be fur ther  demons t ra ted  
t h a t  the synthet ic  pentadecapept ide  9 - - 2 3 b  ~4th the 
hormone Sequence 9 - -23  has the full immunoreac t iv i t y  
bu t  no biological ac t iv i ty  of glucagon~. 
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Fig. 7. Comparison of immunoreactivity of synthetic or 
natural  glueagon ~4th anti-pork-glucagon serum from 

rabbits 
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