
Porcine Proinsulin: Characterization and 
Amino Acid Sequence 

Abstract. Proinsulin in nearly homogeneous form has been isolated from a 
preparation of porcine insulin. A molecular weight close to 9100 was calculated 
from the amino acid composition and from sedimentation-equilibrium studies. 
Through the action of trypsin this single-chain protein is transformed to desalanine 
insulin by cleavage of a polypeptide chain connecting the carboxy-terminus of the 
B chain to the amino-terminus of the A chain of insulin. The amino acid sequence 
of this connecting peptide was found to be Arg-Arg-Glu-Ala-Gln-Asn-Pro-Gln- 
Ala-Gly-Ala-Val-Glu-Leu- Gly- Gly- Gly- Leu- Gly- Gly-Leu- Gln-A la-Leu-A la-Leu- 
Glu-Gly-Pro-Pro-Gln-Lys-Arg. 

Steiner and co-workers have identi- 
fied a possible insulin precursor from 
human beta-cell tumor (1, 2) and from 
rat islet tissue (2) and proposed that 
these pancreatic proteins be designated 
"proinsulins." The data suggested that 

proinsulin is a single-chain protein that 
can be transformed to an insulin-like 

component through tryptic cleavage of 
a polypeptide chain connecting the 
COOH-terminus of the B chain to the 
NH2-terminus of the A chain (3). Thus, 
evidence was provided that insulin may 
be derived from a single-chain protein 
rather than from the combination of 
two independently synthesized chains 
(4). 

When these studies were first re- 
ported (1), it became clear that the 
properties of proinsulin were similar, 
if not identical, to those of a protein 
that had been isolated in our laboratory 
as a minor component of a crystalline 
porcine insulin preparation (Fig. 1). 
The purposes of this report are to de- 
scribe the properties and the primary 
structure of this proinsulin-like protein, 
and thus to confirm and extend the 
data of Steiner and co-workers. 

This proinsulin preparation was iso- 
lated during the chromatography of 
porcine insulin on columns of DEAE- 
cellulose (5) in urea-containing buffers 
according to methods described (6). A 
high degree of homogeneity was dem- 
onstrated by rechromatography, by elec- 
trophoresis in polyacrylamide gels (Fig. 
1), and by ultracentrifugal studies (7). 
These sedimentation-equilibrium anal- 
yses established a-molecular weight of 
9100 ? 300, a value which agrees very 
well with the molecular weight of 9082 
as calculated from amino acid analyses 
(Table 1). The amino acid composi- 
tion of this porcine proinsulin prepara- 
tion differs considerably from that of 
a partially purified bovine proinsulin 
preparation reported recently by Yip 
and Lin (8). This difference may be 
due to a species difference as well as 
to the degree of purity. 

Phenylalanine was found to be the 
sole NH2-terminal residue of proinsulin 
(Fig. 2) by both the Edman degrada- 
tion (9) and the dansylation method 
(10). Using a combination of successive 
Edman reactions followed by dansyla- 
tion of each newly released NH2-group, 

we found that the NHo-terminal tetra- 

peptide sequence was identical to that 
in the B chain of porcine insulin (11; 
Fig. 2). The single COOH-terminal resi- 
due was found to be asparagine, as 
determined both by hydrazinolysis (12) 
and by digestion with carboxypeptidase 
A. Further evidence that this proinsulin 
is a single-chain protein was provided 
by electrophoresis on both cellulose ace- 
tate strips (13) and polyacrylamide gels, 
after conversion to either the corre- 

sponding S-sulfonate (14) or the re- 
duced-carboxymethylated form (15). 

Proinsulin exhibited insulin-like ac- 

tivity to the extent of about 3 I.U./mg 
(international units) by the mouse-con- 
vulsion assay (16) and about 6 I.U./mg 
by the radioimmunoassay (17). Al- 
though this activity may or may not be 
intrinsic to proinsulin, it does not ap- 
pear to be due to contamination with 
insulin. A contamination of this magni- 
tude (10 to 25 percent, considering 
that insulin has a potency of 25 I.U./ 
mg) would have been readily detected 

by disc electrophoresis (compare Fig. 
1). Furthermore, insulin chains were 
not detected by cellulose-acetate elec- 

trophoresis after proinsulin was con- 
verted to the S-sulfonate form as 
described above. The hypoglycemic ac- 
tivity of proinsulin was increased sig- 
nificantly after a limited digestion with 

TPCK-trypsin (18). Judged by the 
mouse-convulsion assay such treatment 
(19) of proinsulin increased the activity 
of the digest mixture from 3 to about 
12 I.U./mg; as judged by the radioim- 

munoassay, the activity increased from 
6 to 12 I.U./mg. The disc-electropho- 
resis patterns of this digest resembled 
closely the 50-minute pattern shown in 

Fig. 1 (right). Comparison of polyacrylamide disc-gel electropherograms of crystalline 
porcine insulin, purified proinsulin isolated from the insulin, and proinsulin after mild 
tryptic digestions. The gels were prepared from 20 percent acrylamide and 0.2 percent 
N,N'-methylene-bisacrylamide. The electrophoretic fractionations were conducted essen- 
tially by the method of Davis (24), and protein components were stained with Coo- 
massie blue (25). Tryptic digestions (enzyme : substrate ratio, 1 : 100 by weight) were 
performed at 37?C in 0.05M tris-HCl, 0.02M CaC12, pH 7.5. Reactions were stopped 
by addition of an equal volume of fresh, deionized 7M urea adjusted to pH 2.0 with 
concentrated HC1. All samples (100 Ag in 100 w1l) were applied directly to gels and 
were subjected to electrophoresis at 1 ma per gel tube for 15 minutes and then at 
2 ma per tube for 105 minutes at 25?C. The most anodic component in crystalline 
insulin is desamidoinsulin (26), whereas the most anodic component in the 50-minute 
digest of proinsulin is desoctapeptide insulin (6). Insulin and desalanine insulin have 
the same net charge and migrate identically in this system. The intermediate compo- 
nent formed during the tryptic transformation of proinsulin is still undefined and may 
or may not be identical to the insulin-like component in crystalline insulin. This insulin- 
like component has been isolated from insulin by DEAE-cellulose chromatography and 
has essentially the same amino acid composition as insulin and a hypoglycemic potency 
of about 22 I.U./mg by mouse-convulsion assay. 
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Table 1. Molar amino acid ratios of insulin, proinsulin, and the isolated products from a 
tryptic digest of proinsulin. The molar ratios are based on aspartic acid as unity. All samples 
were hydrolyzed with 6N HC1 at 105?C for 30 hours in sealed, evacuated tubes and analyzed 
on a Spinco 120C amino acid analyzer (23). Triplicate determinations were made on insulin 
and proinsulin and single determinations on all other samples. 

Porcine insulin Products from a tryptic 
Amino Pro- . digest of proinsulin* 

acid 
aclTd heory Deter- insulin Desalanine Glutamyl- - 

mined insulin peptide 

Tryptophan 0.00 
Lysine 1 0.96 1.95 1.00 0.92 
Histidine 2 1.97 1.87 2.00 
Arginine 1 0.97 3.76 1.04 1.01 1.00 1.00 
Aspartic acid 3 3.00 4.00 3.00 1.00 
Threonine 2 1.90 1.86 1.86 
Serine 3 2.66 2.93 2.52 
Glutamic acid 7 7.01 13.50 7.19 7.13 
Proline 1 0.98 4.00 0.97 2.75 
half-Cystinet 6 5.65 5.25 5.37 
Glycine 4 4.04 10.59 3.98 7.13 
Alanine 2 2.06 6.54 1.15 5.17 1.34 
Valine 4 3.60 4.53 3.89 1.01 
Isoleucine 2 1.59 1.52 1.81 
Leucine 6 6.03 10.49 6.14 4.82 
Tyrosine 4 3.80 3.60 3.49 
Phenylalanine 3 3.07 3.02 3.00 

Total number 
of residues 51 51 84? 50 31 2 1 

* Desalanine insulin and the glutamyl peptide isolated by DEAE-cellulose chromatography. Ala-Arg 
and free arginine isolated by Sephadex G-25 chromatography. t No tryptophan was found in a 2N 
Ba(OH)2 hydrolyzate, when separation was made on a column (0.9 by 50 cm) of Aminex A-4 resin 
(Bio-Rad) at 50?C and a 0.7N sodium citrate buffer, pH 4.26. $ Includes small amounts of cysteic 
acid. ? The next higher integers were assumed for glutamic acid, glycine, alanine, and leucine. 
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Fig. 1, although the experimental con- 
ditions differed slightly. This increase 
in activity was the result of a trans- 
formation of the single-chain proinsulin 
to the two-chain desalanine insulin (20) 
through cleavage of a peptide fragment 
connecting the COOH-terminus of the 
B chain to the NH2-terminus of the A 
chain (Fig. 1). Desalanine insulin was 
isolated from the 50-minute tryptic di- 
gest (Fig. 1) by chromatography on 
DEAE-cellulose and had normal bio- 
logical potency (23 I.U./mg, by mouse- 
convulsion assay; 26 I.U./mg, by radio- 

immunoassay), the same amino acid 
composition as porcine insulin (Table 
1) with the exception of one less ala- 
nine residue, and the same NH2-termi- 
nal sequences (A1 - A5, B1 - B6) as 
porcine insulin (11; Fig. 2). These 
data provided strong evidence that the 
primary structure of the isolated des- 
alanine insulin was identical to that of 
porcine insulin (11) except that it lacked 
the B50 alanyl residue (20). 

The amino acid compositions of the 
other products of trypsin digestion are 
listed in Table 1. In addition to desal- 
anine insulin, the mild tryptic hydrol- 
ysis yielded a 31-residue peptide with 
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Fig. 2. Proposed primary structure of porcine proinsulin. 
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an NH2-terminal glutamic acid (called 
glutamyl peptide), a dipeptide identi- 
fied as Ala-Arg, and free arginine. Since 
trypsin cleaved the Lys-Ala (B29-B30) 
bond to give desalanine insulin and 
since the expected molar ratios of ala, 
nine were accounted for in the gluta- 
myl peptide, it followed that the pep- 
tide Ala-Arg represented positions B30- 
B31 (21). Two arginine residues were 
found in a chymotryptic fragment (B27- 
B54) isolated from a digest of intact 
proinsulin by a combination of G-50F 
Sephadex and Dowex 50-X4 chroma- 
tography; hence, the position of the free 
arginine was established as B32. The 
amino acid sequence (Fig. 2) of the 
31-residue glutamyl peptide (B33-BG3) 
was determined by the combined Ed- 
man degradation-dansylation proce- 
dure with chymotryptic peptides iso- 
lated from a Dowex 50-X4 column 
eluted with pyridine-acetate buffers. 
Chymotryptic digests yielded peptides 
B33-B54, B55-B63, B57-B63, B33-B44, 
B45-B51, B45-B48, B49-B51, B52-B54, 
and B55-B56. Carboxypeptidase A di- 
gests were used to confirm the Glu-Leu 
(B43-B44) and the Leu-Gln-Ala-Leu 
(B51-B54) sequences. Treatmient of 
the glutamyl peptide with trypsin and 
carboxypeptidase B established that the 
COOH-terminal dipeptide was Lys-Arg 
(B62-B63). Thus, the terminal connec- 
tion between the fragment and the A 
chain was deduced to be Arg-Gly (B63- 
A1). The complete amino acid sequence 
of the connecting peptide (B31-B63) 
is shown in Fig. 2 as it is incorporated 
into the proposed primary structure of 
porcine proinsulin. 

The physiologic significance of pro- 
insulin and the mechanism responsible 
for the transformation of proinsulin to 
insulin are not known. Our study shows 
that trypsin, if involved at all, cannot be 
the sole releasing enzyme since trypsin 
digestion in vitro leads to the formation 
of desalanine insulin, not insulin. This 
finding was to be expected in view of 
the known specificity requirements for 
trypsin. Possibly trypsin or a trypsin- 
like enzyme is involved in the cleavage 
of the B63-A1 bond, whereas another 
enzyme (or enzymes) may hydrolyze 
the basic residues around the terminal 
B30-B31 connection to give insulin. In 
support of this possibility, we have in 
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enzyme (or enzymes) may hydrolyze 
the basic residues around the terminal 
B30-B31 connection to give insulin. In 
support of this possibility, we have in 
fact, found that the B63-A1 bond (Arg- 
Gly) is hydrolyzed first. This was ob- 
served during carefully controlled tryp- 
tic digestions in which a significant 
amount of NH2-terminal glycine was 
liberated. 
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Our data along with the work of 
Steiner and co-workers provide strong 
evidence that insulin is synthesized as 
a single-chain precursor which is subse- 
quently converted in a zymogen-like 
manner as hypothesized (22). How- 
ever, the exact nature and location of 
such a transformation and the physio- 
logic importance of this precursor con- 
cept remain to be determined. 

RONALD E. CHANCE 
ROBERT M. ELLIS 

WILLIAM W. BROMER 
Lilly Research Laboratories, 
Indianapolis, Indiana 46206 
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Abnormal Water Balance in a 

Mutant Strain of Chickens 

Abstract. Polydipsia and polyuria are 
pronounced in chickens of a selected 
strain and this diabetes insipidus is in- 
herited. The kidneys of such birds are 
capable of an antidiuretic response 
when lysine vasopressin or arginine 
vasotocin is injected. Osmotic pressure 
and sodium concentration of the plas- 
mas of normal and mutant chickens 
are identical. Chicks predicted to have 
diabetes insipidus on the basis of pa- 
rental pedigree are polydipsic. 

Excessive drinking (polydipsia) and 
urinary output (polyuria) are present 
in many commercial chicken flocks. 
These conditions have been recognized 
among birds placed in individual cagesi 
for various biological studies and for 
commercial egg production. Watery 
droppings were discovered in a strain 
of chickens maintained at Pennsylvania 
State University in 1957 (1). DuringI 
5 years this condition was associated1 
with polydipsia and was characteristic 
of a few pedigreed female birds in only 
one of two strains which were hatched 
and reared in the same way. Results of 
extensive breeding experiments started! 
in 1963 support the idea that polydipsiai 
and polyuria in this strain of chickens 
are inherited (2), The condition canr 
thus be characterized as hereditary 
diabetes insipidus (DI). For experi- 
mental purposes, two inbred strains of 
white Leghorn chickens were developed, 
one normal and the other possessing 
DI. As judged from the amount of! 
water drunk or from the ratio of the 
amount of water drunk to the amount 
of food eaten, inbreeding of the DI 
line since 1963 has resulted in no in- 
crease in the severity of the disease. 
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strain and this diabetes insipidus is in- 
herited. The kidneys of such birds are 
capable of an antidiuretic response 
when lysine vasopressin or arginine 
vasotocin is injected. Osmotic pressure 
and sodium concentration of the plas- 
mas of normal and mutant chickens 
are identical. Chicks predicted to have 
diabetes insipidus on the basis of pa- 
rental pedigree are polydipsic. 

Excessive drinking (polydipsia) and 
urinary output (polyuria) are present 
in many commercial chicken flocks. 
These conditions have been recognized 
among birds placed in individual cagesi 
for various biological studies and for 
commercial egg production. Watery 
droppings were discovered in a strain 
of chickens maintained at Pennsylvania 
State University in 1957 (1). DuringI 
5 years this condition was associated1 
with polydipsia and was characteristic 
of a few pedigreed female birds in only 
one of two strains which were hatched 
and reared in the same way. Results of 
extensive breeding experiments started! 
in 1963 support the idea that polydipsiai 
and polyuria in this strain of chickens 
are inherited (2), The condition canr 
thus be characterized as hereditary 
diabetes insipidus (DI). For experi- 
mental purposes, two inbred strains of 
white Leghorn chickens were developed, 
one normal and the other possessing 
DI. As judged from the amount of! 
water drunk or from the ratio of the 
amount of water drunk to the amount 
of food eaten, inbreeding of the DI 
line since 1963 has resulted in no in- 
crease in the severity of the disease. 
Similar measures of the normal line 
have also remained fairly constant. 
Progeny (F1) of reciprocal crosses of 
the two lines in 1966 were normal. 
Segregation of normal and DI traits 
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