
406 Specialia EXPERIENTIA 24[4 

se produi ra i t ,  en taft,  au n iveau  d ' u n  pr6curseur  t6 t ra -  
cycl iqne  (du t y p e  dammarened io l ,  pa r  exemple) ,  c 'es t -~-  
d i re  a v a n t  la fo rma t ion  du cycle E. s. 

6 C. DJERASSI (Cactus Triterpenes, Festschrift ARTHUR STOLL 1957, 
p. 330) avait d4j~ consid6r6 l'hypoth~se d'une relation intime entre 
l'oxyg4nation et le processus de formation du squelette, 

Summary .  Compar i son  of t h e  k n o w n  te t racycl ic  and  
f l -amyrenic  t r i t e rpenes  shows t h a t  na tu ra l  o x y g e n a t i o n  
of t he  skele ton occurs  p re fe ren t i a l ly  a t  ce r t a in  ca rbon  
a t o m s  t h a t  are  b iogenet iea l ly  equ iva l en t  in t he  2 series. 

B. TURSCH et  J. LECLERCQ 

Service de Chimie Organique E . P . ,  Universitd Libre 
de Bruxelles (Belgique), 10 novembre 1967. 

S T U D I O R U M  PROGRESSUS 

O n  the Relat ionship  Between  Gluca~on and Secret in  

In  r ecen t  years  considerable  effor t  has  been  devo t ed  to  
an  analys is  of t he  obse rved  a l t e ra t ions  of amino  acid 
res idues  in specific, biologically ac t ive  hormones ,  en- 
zymes  and  pro te ins  as a guide to  the  zoological cogna t ion  
and  t h e  phy logene t i c  d i s t ance  be tween  2 species 1-4. Such 
t echn iques  are  d e p e n d e n t  upon  compar i sons  b e t w e e n  
homologous  p ro te ins  and  h a v e  been  g rea t ly  a ided  b y  
s tud ies  w i th  c y t o c h r o m e  ¢ 5 -s  hemoglob in  s - n  and  var ious  
p ro teo ly t i c  enzymes  x*. A s imilar  app roach  is m a d e  a t  th i s  
t ime  for the  i m p o r t a n t  po lypep t ides  glucagon and  secret in.  

Glucagon was or iginal ly  isolated as a b y p r o d u c t  of 
insul in research  1~. The  m a r k e d  hyperg lycemic  ac t ion  of 
t h e  ma te r i a l  led to  t h e  name,  which  m e a n s  'mobi l izer  of 
sugar '  14. Later ,  suff icient  a m o u n t s  of crys ta l l ine  g lucagon 
were  o b t a i n e d  f rom the  ~-cells of t h e  panc reas  1~ and  were  
used to  de t e rmine  b o t h  the  compos i t ion  a n d  the  amino  
acid  sequence  of t h e  h o r m o n e  1~. Severa l  ana ly t ica l  
m e t h o d s  for t he  h o r m o n e  are  avai lable  and  these  se rve  as 
useful  a d j u n c t s  in t h e  t r e a t m e n t  of g lycogen s to rage  
diseases b y  g tucagon ~7d8. The  chemica l  and  medica l  
app l ica t ions  of g tucagon h a v e  been  rev iewed recen t ly  x~,2o 

Secre t in  possesses a sho r t e r  h is tory ,  b u t  due  to  t h e  
m a r k e d  a d v a n c e m e n t  in t he  use of phys ica l  i n s t r u m e n t a -  
t ion,  t he  ident i f ica t ion  *~, isolat ion 2z and  s t ruc tu re  de te r -  
m i n a t i o n  as of t h e  ma te r i a l  p roceeded  a t  a rap id  pace.  
This  new h o r m o n e  is found  in the  cell walls of t he  duo-  
d e n u m  and  acts  b y  s t imula t ing  the  pancreas  to  release 
sod ium b ica rbona te ,  hence  t h e  name .  W i t h i n  the  p a s t  
yea r  t he  comple te  s t ruc tu re  of t he  c o m p o u n d  was  an- 
n o u n c e d  ~* and  was  fol lowed in  t u r n  b y  a comple t e  
syn thes i s  *~. C o n t e m p o r a r y  d e v e l o p m e n t s  in th is  field have  
been  summar ized ,  too*S. 

The  n o n a c o s a p e p t i d e  sequence  of g lucagon (porcine) 
bears  a r emarkab l e  r e semblance  to  t he  h e p t a c o s a p e p t i d e  
sequence  of secre t in  (porcine) (see Scheme 1). Indeed ,  
t he re  are 15 i nva r i an t  a n d  pos i t iona l ly  ident ica l  a m i n o  
acids in b o t h  c o m p o u n d s :  A t, A v Aa, A s, A~, A~, A s, All, 
A~s, A~6, A~s, A~0, A2, and  A2s. Appl ica t ion  of t he  ' i ndex  
of s imi lar i ty  '~7 to  secre t in  and  the  f i rs t  27  res idues  of 
g lucagon gives a s u m  of ~*/2~ or 0.52. The resu l t  def in i te ly  
suggests  a c o m m o n  origin for t h e  2 compounds ,  p robab l y  
s t e m m i n g  f rom the  process  of genet ic  dupl ica t ion .  A 
s t ruc tu ra l  para l le l i sm was  d e t e c t e d  earl ier  in a c o m p u t e r  
compar i son  of t he  res idues  in g lucagon (bovine ?) a n d  
secre t in  (porcine)~s a n d  i t  was  n o t e d  t h a t  t h e  panc reas  
a n d  d u o d e n u m  h a v e  a c o m m o n  embryon ic  background ,  
a fac t  of some evo lu t iona ry  s igni f icance~t  
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Seven  of t he  v a r i an t  amino  acid subs t i t u t ions  in 
g lucagon and  secre t in  - Ag, A~,, A14, A2z, A,3, A,~ and  
A2~ - are equ iva l en t  on a ' conse rva t ive '  basis. The  t e r m  
' conse rva t ive '  has  been  used for classes of residues con- 
s idered to  be m u t u a l l y  in te rchangeable ,  in which  similar  
chemical  s t ruc tu res  can fi t  t he  same func t iona l  or steric 
role ~°. Such a def in i t ion is used here,  b u t  w i th  the  
addi t iona l  res t r ic t ion  of only  a single base  m u t a t i o n  being 
a l lowed in t he  ' conse rva t ive '  subs t i t u t i on  p a t t e r n  s~,s*. A 
c o m m o n  twofo ld  degeneracy  (only 2 coding  t r ip le ts  
apiece) 3~ is m a i n t a i n e d  by  sA~(glu)=gA~(asp), a six- 
fo ld- twofold  change  occurs  in sA~ (a rg )= gA~ ( ly s )  and  
sA~,(leu)=gA,~(phe),  a s ixfold-fourfold  shi f t  appears  w i th  
sA,~( leu)=gA~(val) ,  and  a fourfold-s inglefold change  is 
seen in b o t h  sA~  (gly) = gA2~(trp) and  sA~7(val) = gA~ (met), 
b u t  s A ~ ( a r g ) = g A u ( l e u  ) is t he  sole examp le  of a s ixfold-  
sixfold degeneracy .  Six more  res idues  - A~, Ax0 , Axe, AxT, 
A ~  a n d  A ~  = fall in to  t he  ' radica l '  p a t t e r n ,  a classif icat ion 
generMized to  inc lude  those  amino  acids whose  side chains  
are en t i re ly  d i f fe ren t  f rom a chemica l  v iewpoin t .  A fu r t he r  
r e s t r a in t  is inse r ted  now b y  requi r ing  a m a n d a t o r y  2 po in t  
codon  change  for each  ' radica l '  in te rchange .  Close a t t en -  
t ion  to  t h e  k n o w n  t r ip le t  code  combina t i ons  reveals  
severa l  in te res t ing  deta i ls  for th i s  last  g roup  in t he  
secre t in-g lucagon sys tem.  Fo r  example ,  sAa(asp) =gA~(gln) 
involves  a twofold  degeneracy ,  sA~0(leu)=gA~0(tyr ), 
sAx~(leu)=gAxa(tyr) and  sA~l(arg)=gA~(asp)  cons t i t u t e  a 
s ixfo ld- twofold  degeneracy ,  while  sA~(ala)=gAl~(arg)  and  
sA19(leu)--gA~(ala ) p rov ide  a s ixfold-fourfold degene ra t e  
change.  F r o m  t h e  above  da ta ,  i t  seems t h a t  t h e  amino  
acid var ia t ions  arose s tepwise  as follows : asp -~  gtu -~  gln 
or  asp <-- glu ~_ gln; leu --~ phe  --> ty r  or leu %- phe  ~ t y r ;  
ala --~ gly --~ arg or ala <-- gly ~ arg ; leu --> val  --> ala or 
leu <-  val  ~ ala;  and  arg --N gly --~ asp or arg <-- gly ~ asp. 
The  p roposed  a l ignmen t  in t e r m s  of possible  base  changes  

per  codon a m o u n t s  to  19/~7 or 0.70. Fo r  compar ison ,  cy to-  
ch rome  c (human  vs. horse) is 0.13 and  f l -hemoglobin 
(human  vs, horse) is 0.27 4. A r a n d o m  dev ia t ion  value of 
1.59 is ob ta ined  by  s imply  re loca t ing  the  ent i re  secre t in  
cha in  I res idue to  t he  r igh t  unde r  t he  glucagon sequence  
and  t h e n  r ecompu t ing  the  base  changes .  The  t e rmina l  
va l inamide  group  in secret in,  sA,~(val-NH,),  is equ iva l en t  
to val ine for th is  analysis.  The last  2 res idues  in glucagon,  
gA2s(asn ) and  gA~( thr ) ,  c anno t  be d iscussed f rom a base  
change  v iewpoin t ,  since comparab l e  un i t s  are  lacking in 
secret in.  Glucagons and  secre t ins  f rom wide ly  va ry ing  
e x t a n t  species, using the  conclusions d r a w n  here,  would  
be p red ic t ed  to  possess  such changes  as Aa(glu), At0(phe ), 
A13(phe), A17(gly ), Axg(val ) and  A~l(gly ). 

Al te rna t ive ly ,  a d i f fe ren t  f i t  b e t w e e n  g lucagon and  
secre t in  is found  on r ea r rang ing  the  res idue  sequences  in 
t he  m u t u a l  A13-A14 area  to  yie ld  2 axtificiM gaps  (see 
Scheme  2). The  2 leucyl  res idues  a t  gA~4 and  a t  sA13 are 
i m m e d i a t e l y  super imposab le ,  so t he  ' i n d e x  of s imi la r i ty '  
i mp r o v e s  by  1512 ~ or 0.58. The  n u m b e r  of i n v a r i a n t  amino  
acids rises to  15 f rom 14, while  t h e  ' conse rva t ive '  sub-  
s t i t u t i ons  d rop  f rom 7 to  6, a n d  t h e  ' radica l '  class moves  
f rom 6 to  5. In  t e r m s  of possible  base  changes  per  codon  t h e  
new a l i gnmen t  equals  xe],~ or  0.62 in c o n t r a s t  to  a r a n d o m  
dev ia t ion  of 1.63. The  gAla( tyr  ) and  sA14(arg ) res idues  
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Glucagon 

H is-Ser-~Ls-Gly-Thr-Phe-Thr-Ser-Asp~TvR-Ser-Lys-T~-Leu-Asp~Ser~ARG~Arg~ALA~G~n-AsP~Phe~Val-G~n~ Trp-Leu-Met-Asn-Thr 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 

Secretin 

His~Ser~AsP.G~y~Thr-Phe-Thr-Ser-Glu-L~U-Ser-Arg-LEu-Arg~Asp~Ser~ALA-Arg~LE~G~n-AR~Leu~Leu~G~n.Gly~Leu~ Val-NH 2 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 

Base changes g vs. s 

0 0 2 0 0 0 0 0 1 2 0 1 2 1 0 0 2 0 2 0 2 1 1 0 1 0 1 

Scheme 1. The primary structures of glucagon (porcine) and secretin (porcine) arranged for direct correspondence. For those positions in 
which no substitutions have occurred, ordinary characters are used; where 'conservative' substitutions have been observed, the residues are 
italicized; where 'radical' substitutions have been found, the residues are CAPITALXZ~D. See text for definitions used in this classification. 

Glucagon 

His-Ser-GL~-Gly-Thr-Phe-Thr-Ser-A Sp-TYR-Ser-Lys-Tyr-Leu--Asp-Ser-ARG-Arg-AI.A-Gln-AsP-Phe-Val-Gin-Trp-Leu-Met-Asn-Thr 
1 2 3 4 5 6 7 8 9 10 11 12 

Seeretin 

His-Ser-AsP-Gly-Thr-Phe-Thr-Ser-Glu-LEu-Ser-Arg 
t 2 3 4 5 6 7 8 9 10 11 12 

Base changes g vs. s 
0 0 2 0 0 0 0 0 1 2 0 1 

13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 

Leu-Ar~-Asp- Ser-ALA-Arg-LE u-Gln-AgG-Leu-Leu-Gln-Gly-Leu- Val-N H 2 
I3 14 15 16 17 18 19 20 21 22 23 24 25 26 27 

0 - 0 0 2 0 2 0 2 1 1 0 1 0 1 

Scheme 2. The primary structures of glucagon (porcine) and secretiu (porcine) arranged for a shifted correspondence. For those positions in 
which no substitutions have occurred, ordinary characters are used; where 'conservative' substitutions have been observed, the residues are 
italicized; where 'radical' substitutions have been found, the residues are CAPITALIZED; and where 'insertions' or 'deletions' are indicated, the 
residues are in bo ld- face .  See text for definitions used in this classification. 
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have no partners in the modified analysis and can corre- 
spond either to direct insertion or deletion mutations in 
the 2 coding cistrons. The action of ionizing radiation 
(guanine-guanine cross-linking ?), random crossover mech- 
anisms or viral infections may have introduced these 
'holes' 34, once their reality is granted and sufficient reason 
existed for their formation at one time in Nature. This 
point is significant because the biochemical specificity of 
these 2 related hormones must  be maintained by minimum 
deviations in the ter t iary folded form of the polypeptide. 
Similarly, an 'act ive site' in these compounds will be 
dependent on proper spacing of the functional side chains 
on one side or the other of a possible e-helix conformation 
of the molecule. The addition or subtraction of amino 
acids would natural ly change the distance between the 
remaining residues and so produce a marked shift in 
specific hormone activity.  Valid support for the deletion 
scheme can come from finding new glucagons or secretins 
with additional residues or equivalent substitutions in the 
common A~8-A14 region. I t  may be noted that  on statistical 
grounds the gaps are improbable, since they create new 
problems with respect to additional homology compari- 
sons ~s. 

The sum of the mutational amino acid shifts between 
secretin and glueagon amounts to either 19 residues (7 × 1 
+ 6 × 2 + 0 × 3) or 18 residues (6 × 1 + 5 × 2 +  0 × 3 +  2). 
Assuming gene duplication occurred 200 × 10 e years ago 
(200 Myr.) ~ and if the t ime needed for a random amino 
acid change in the polypeptide chain is about 10 Myr, 
years, then 20 such incidents would be expected in the 
secretin-glucagon (porcine) system. A simple statistical 
calculation of the probable number of mutat ional  events 
based on either the 13 (non-shifted model) or 12 (shifted 
model) observed var iant  sites in secretin yields the same 
sum of 20, a result in excellent agreement with the actual 
count3L I t  is noted the first procedure ignores possible 
back mutations and the dangers inherent in taking the 
simplest route between codons, while the second method 
disregards possible cyclic, convergent changes in a residue 
of glueagon tha t  are not matched at  a corresponding 
residue in secretin. These arguments necessarily invoke 
the fact of equal evolutionary variations at  all mutable 
sites, a probably untrue point 3s. Bearing these difficulties 
in mind, and noting the close correspondence between the 
calculated residue changes and the observed residue 
values, i t  is postulated the ancestral gene for the glucagon- 
secretin system duplicated in the early Mesozoic era. 
Glucagon, or a physiological fraction possessing glucagon 
activity,  is widely distributed in mammals, birds and 
some amphibians, a fact tha t  substantiates these specula- 
tions. I t  would be interesting to learn whether  glucagon 
can be rigorously identified in fish; if so, the glucagon- 
secretin split m a y  have taken place in the late Paleozoic. 

Attention is drawn to the recent suggestion concerning 
a common structural background between glucagon and 
insulin~% If gAl(his ) of glucagon (porcine) is placed next  
to iBx0(his ) of insulin (porcine) and the alignment con- 
t inued for 12 more residues, there is seen a spatial 
coincidence between 6 amino acids in glucagon - gAl(his ), 
gA~(ser), gAT(thr ), gAs(ser ), gAn(ser ), and gA13(tyr ) - and 
a similar number in insulin - iB10(his ), iBg(gln), iAs(ser ), 
iAx,(ser ) and iAt4(tyr ). The same situation exists with 
secretin with the exception of sAx3(leu). Although in- 
triguing, the original comparison fails on 3 counts: first, 
a reversed - C O C H R N H -  amide alignment in glucagon is 
equated with a normal - N H C H R C O -  amide pat tern in 
insulin; second, the complete change of each coding trip- 
let dictated by this mechanism would imply a massive, 
favorable genetic error; and third, the many constraints 

required to conserve the secondary and tert iary structures 
of this new peptide fragment would appear to be incom- 
patible with a favorable biological role. I t  is concluded 
from these considerations tha t  glucagon and secretin are 
not derived from insulin. A similar argument is used to 
discard the suggestion of a resemblance between some 
small glucagon subunits and related sequences in the 
heine proteins 40. 

Finally, secretin and glucagon contain an extremely 
high content  of polar to apolar residues (glucagon, XT/~ or 
2.8; secretin, 17], or 2~1), which is characteristic of a 
fibrillar material whose interactions are towards other 
polar substances~L Indeed, a molecular model (Corey- 
Pauling-Koltuu) of glucagon in a normal m-helix confor- 
mation has almost all the polar residues reside on one 
side, while the bulk of the non-polar residues lie on the 
opposite face. A similar conclusion has been reached on 
the basis of both X-ray diffraction and optical ro ta tory  
dispersion evidence *~-44. When more sequence informa- 
tion is in hand, a more profitable discussion can ensue on 
the significance of the hydrophobic or hydrophylic 
clustering in glucagon and secretin, evolutionary aspects 
of structure-function relationships, and other phenotype 
characteristics. I t  is anticipated tha t  the information 
accumulating from phylogenetic tree construction 4~,4s for 
cytochrome c, hemoglobin and other proteins 47 should be 
duplicated in the near future with both glucagon and 
secretin 4s 

Zusammen[assung. Die Polypeptidhormone Glukagon 
und Sekretin wurden auf der Basis des genetischen Codes 
verglichen. Es wurde daraus geschlossen, dass die beiden 
Substanzen urspriinglich yon einem gemeinsamen Gen 
erzeugt wurden. 
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