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se produirait, en fait, au niveau d'un précurseur tétra-
cyclique (du type dammarenediol, par exemple), C’est-a-
dire avant la formation du cycle E.8,

§ C. Djerasst {Cactus Triterpenes, Festschrift ArRtHur StoLL 1957,
p- 330) avait déja considéré I'hypothese d'une relation intime entre
T'oxygénation et le processus de formation du squelette,
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Summary. Comparison of the known tetracyclic and
B-amyrenic triterpenes shows that natural oxygenation
of the skeleton occurs preferentially at certain carbon
atoms that are biogenetically equivalent in the 2 series.

B. TurscH et J. LEcLERCG

Service de Chimie Ovganigue E.P., Université Libre
de Bruxelles (Belgique), 10 novembre 1967.

STUDIORUM PROGRESSUS

On the Relationship Between Glucagon and Secretin

In recent years considerable effort has been devoted to
an analysis of the observed alterations of amino acid
residues in specific, biologically active hormones, en-
zymes and proteins as a guide to the zoological cognation
and the phylogenetic distance between Z species!~%. Such
techniques are dependent upon comparisons between
homologous proteins and have been greatly aided by
studies with cytochrome ¢%-%, hemoglobin®-1! and various
proteolytic enzymes?2. A similar approach is made at this
time for the important polypeptides glucagon and secretin.

Glucagon was originally isolated as a byproduct of
insulin research'®, The marked hyperglycemic action of
the material led to the name, which means ‘mobilizer of
sugar’ 4, Later, sufficient amounts of crystalline glucagon
were obtained from the «-cells of the pancreas?!® and were
used to determine both the composition and the amino
acid sequence of the hormone!. Several analytical
methods for the hormone are available and these serve as
useful adjuncts in the treatment of glycogen storage
diseases by glucagon!®® The chemical and medical
applications of glucagon have been reviewed recently 120,

Secretin possesses a shorter history, but due to the
marked advancement in the use of physical instrumenta-
tion, the identification?!, isolation?? and structure deter-
mination?® of the material proceeded at a rapid pace.
This new hormone is found in the cell walls of the duo-
denum and acts by stimulating the pancreas to release
sodium bicarbonate, hence the name. Within the past
year the complete structure of the compound was an-
nounced® and was followed in turn by a complete
synthesis 8. Contemporary developments in this field have
been summarized, too?,

The nonacosapeptide sequence of glucagon (porcine)
bears a remarkable resemblance to the heptacosapeptide
sequence of secretin (porcine} (see Scheme 1). Indeed,
there are 15 invariant and positionally identical amino
acids in both compounds: A,, A,, A,, A;, Ag A, Ag, Ay,
A Agg Ajg Ay, A,y and A, Application of the ‘index
of similarity’#’ to secretin and the first 27 residues of
glucagon gives a sum of 4/,, or 0.52. The result definitely
suggests a common origin for the 2 compounds, probably
stemming from the process of genetic duplication. A
structural parallelism was detected earlier in a computer
comparison of the residues in glucagon (bovine?) and
secretin {porcine)?® and it was noted that the pancreas
and duodenum have a common embryonic background,
a fact of some evolutionary significance?®.
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Seven of the variant amino acid substitutions in
glucagon and secretin — Ay, A, Ay, Agy, Ay, Ay and
A,, — are equivalent on a ‘conservative’ basis. The term
‘conservative’ has been used for classes of residues con-
sidered to be mutually interchangeable, in which similar
chemical structures can fit the same functional or steric
role®®. Such a definition is used here, but with the
additional restriction of only a single base mutation being
allowed in the ‘conservative’ substitution pattern®.s2, A
common twofold degeneracy (only 2 coding triplets
apiece}?® is maintained by sAg(glu)=gA,asp), a six-
fold-twofold change occurs in sAj(arg)=gA;,(lys) and
sA,,(leu)=gA,,(phe), a sixfold-fourfold shift appears with
sA,s{leu}=gA,;(val), and a fourfold-singlefold change is
seen in both sA,;(gly)=gA,;(trp) and sA, (val)=gA,,(met},
but sA,,(arg)=gA{leu} is the sole example of a sixfold-
sixfold degeneracy. Six more residues — A, A, Ay, Ay,
A, and A,, —fall into the ‘radical’ pattern, a classification
generalized to include those amino acids whose side chains
are entirely different from a chemical viewpoint. A further
restraint is inserted now by requiring a mandatory 2 point
codon change for each ‘radical’ interchange. Close atten-
tion to the known triplet code combinations reveals
several interesting details for this last group in the
secretin-glucagon system. For example, sA,{asp)=gA,(gln)
involves a twofold degeneracy, sAj(leu)=gA, (tyr),
sA g{len)=gA  {tyr} and sA,,(arg)=gA,,(asp) constitute a
sixfold-twofold degeneracy, while sA  (ala)=gA,,(arg) and
sA q{leuj=gA ,(ala} provide a sixfold-fourfold degenerate
change. From the above data, it seems that the amino
acid variations arose stepwise as follows: asp = glu -> gin
or asp < glu == gin; leu > phe - tyr or leu <- phe == tyr;
ala > gly > arg or ala < gly = arg; leu > val ->ala or
leu <« val = ala; and arg - gly > asp or arg < gly == asp.
The proposed alignment in terms of possible base changes

Glucagon
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per codon amounts to 19/,, or 0.70. For comparison, cyto-
chrome ¢ (human vs. horse) is 0.13 and f-hemoglobin
(human vs, horse) is 0.274. A random deviation value of
1.59 is obtained by simply relocating the entire secretin
chain 1 residue to the right under the glucagon sequence
and then recomputing the base changes. The terminal
valinamide group in secretin, sA,,(val-NH,), is equivalent
to valine for this analysis. The last 2 residues in glucagon,
gA,q(asn) and gA,,(thr), cannot be discussed from a base
change viewpoint, since comparable units are lacking in
secretin. Glucagons and secretins from widely varying
extant species, using the conclusions drawn here, would
be predicted to possess such changes as Ag(ghu), A,y{phe},
Ajs(phe), Ay,(gly), Agp(val) and A, (gly).

Alternatively, a different fit between glucagon and
secretin is found on rearranging the residue sequences in
the mutual A,;-A,, area to yield 2 artificial gaps (see
Scheme 2). The 2 leucyl residues at gA,; and at sA, are
immediately superimposable, so the ‘index of similarity’
improves by 18/,, or 0.58. The number of invariant amino
acids rises to 15 from 14, while the ‘conservative’ sub-
stitutions drop from 7 to 6, and the ‘radical’ class moves
from 6 to 5. In terms of possible base changes per codon the
new alignment equals 18/,; or 0.62 in contrast to a random
deviation of 1.63. The gA(tyr) and sA(arg} residues

30 E. L. Smrru and E. Marcovriasu, Fedn Proc. Fedn Am. Socs exp.
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His-Ser-GLN-Gly-Thr-Phe-Thr-Ser-Asp-T1yRr-Ser-Lys-TYR-Leu-Asp-Ser-ARG-Arg-ALA-GIn-Asp- Phe-Val-Gln-Trp-Leu-Met-Asn-Thr

1 2 3 4 5 6 7 8 9 10 11

Secretin

12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

His-Ser-asp-Gly-Thr-Phe-Thr-Ser-Glu-LEu-Ser-Arg-LEu-Arg-Asp-Ser-ALA-Arg-LEU-GIn-ARG- Leu- Leu-Gln-Gly-Leu-Val-NH,

1 2 3 4 5 6 7 8 9

Base changes g vs. s
o o0 2 o0 0 0 ¢ 0 1 2 0 1 2 1 0 O

10 11 12 13 14 15 16 17 18

19 20 21 22 23 24 25 26 27

o 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 capiTaLIzED, See text for definitions used in this classification,

Glucagon

His-Ser-GLN-Gly-Thr-Phe-Thr-Ser-4 sp-ryr-Ser-Lys-Tyr-Leu——Asp-Ser-ARG-Arg-ALA-Gln-Asp- Phe-Val-Glin- Trp-Leu-Met-Asn-Thr

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Secretin
His-Ser-asp-Gly-Thr-Phe-Thr-Ser-Glu-LeuU-Ser-4 g

1 2 3 4 353 6 7 8 9 10 11 12 13 14 15
Base changes g vs. s
o 0.2 ¢ 0 0 0 0 1 2 0 1 -~ 0 ~ 0

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

Leu-Arg-Asp-Ser-aLa-Arg-LEU-Gln-ARG-Len-Leu-Gln-Gly-Leu-Val-NH,

16 17 18 19 20 21 22 23 24 25 26 27

¢ 2 0 2 0 2 1 1 0 1 0 1

Scheme 2, The primary structures of glucagon (porcine) and secretin (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 capiTaL1ZED; and where ‘insertions’ or ‘deletions’ are indicated, the
residues are in bold-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’#4, 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 tertiary folded form of the polypeptide.
Similarly, an ‘active site’ in these compounds will be
dependent on proper spacing of the functional side chains
on one side or the other of a possible a-helix conformation
of the molecule. The addition or subtraction of amino
acids would naturally 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, ;-A4, region. It 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 glucagon amounts to either 19 residues (7 X 1
+6x2+0x3)orl8residues{6 X 1+ 5% 2+ 0x 3+ 2).
Assuming gene duplication occurred 200 x 10% years ago
{200 Myr.)® and if the time 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 mutational events
based on either the 13 (non-shifted model} or 12 (shifted
model) observed variant sites in secretin yields the same
sum of 20, a result in excellent agreement with the actual
count®, It 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 glucagon that 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?. Bearing these difficulties
in mind, and noting the close correspondence between the
calculated residue changes and the observed residue
values, it 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 that substantiates these specula-
tions. It would be interesting to learn whether glucagon
can be rigorously identified in fish; if so, the glucagon-
secretin split may have taken place in the late Paleozoic.

Attention is drawn to the recent suggestion concerning
a common structural background between glucagon and
insulin?®®, If gA,(his) of glucagon (porcine) is placed next
to iB,,(his) of insulin (porcine) and the alignment con-
tinued for 12 more residues, there is seen a spatial
coincidence between 6 amino acids in glucagon — gA, (his},
gA,(ser), gA,(thr), gA,(ser), gA {ser), and gA{tyr) —and
a similar number in insulin — iB,,(his), iB,(gln), 1Ay(ser),
iA ,(ser) and iA,(tyr). The same situation exists with
secretin with the exception of sAjz(leu). Although in-
triguing, the original comparison fails on 3 counts: first,
a reversed ~-COCHRNH- amide alignment in glucagon is
equated with a normal -NHCHRCO- amide pattern 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
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required to conserve the secondary and tertiary structures
of this new peptide fragment would appear to be incom-
patible with a favorable biological role. It is concluded
from these considerations that 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
heme proteins4®,

Finally, secretin and glucagon contain an extremely
high content of polar to apolar residues (glucagon, ¥/, 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-Koltun) of glucagon in a normal «-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 rotatory
dispersion evidence#?-4%. 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. It is anticipated that the information
accumulating from phylogenetic tree construction %48 for
cytochrome ¢, hemoglobin and other proteins#’ should be
duplicated in the near future with both glucagon and
secretin %%,

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