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ABSTRACT It has previously been shown by biosynthetic
labeling studies that glucagon is synthesized in mammalian is-
lets via an 18-kDa precursor, proglucagon, that during pro-
cessing gives rise to glucagon and a secreted peptide of 10 kDa
(the major proglucagon fragment, MPGF). We have now de-
veloped a simple procedure for the isolation of this peptide
from rat pancreatic islets and have characterized it more fully.
On the basis of its amino acid composition, MPGF is identified
as the COOH-terminal portion of proglucagon that contains
two glucagon-related sequences. These sequences do not ap-
pear to be liberated from MPGF in alpha cells of the islets of
Langerhans but MPGF may be processed further elsewhere in
the body or in other cells of the gastrointestinal tract that pro-
duce glucagon precursors.

In previous studies on protein biosynthesis in rat pancreatic
islets, an 18-kDa proglucagon was identified by peptide map-
ping (1). Conversion of this precursor during pulse—chase
experiments resulted in the appearance of a 10-kDa peptide,
designated the major proglucagon fragment (MPGF), that
did not contain glucagon (2). More recently, the amino acid
sequences of three mammalian proglucagons have been de-
duced from the sequence of cloned DNA complementary to
preproglucagon mRNA (3-5). These encode 18-kDa proteins
whose predicted amino acid sequences confirm the proposed
structural relationship between proglucagon and glicentin, a
larger form of glucagon from intestinal mucosa (6), indicating
that glicentin represents the NH,-terminal portion of the pro-
hormone. The remaining COOH-terminal part of progluca-
gon is predicted to contain two glucagon-like sequences
linked by a short peptide spacer (3-5).

Prohormone conversion products generated in addition to
glucagon may be of physiological importance. However, the
type of conversion cannot be readily predicted from the pri-
mary structure of the prohormone. In particular, the forma-
tion and secretion of a stable proglucagon fragment such as
the 10-kDa MPGF (2) would be incompatible with the simul-
taneous liberation from alpha cells of the two glucagon-like
peptides predicted in this sequence.

In the present study, the formation and processing of glu-
cagon precursors has been analyzed in view of these struc-
tural considerations. A procedure for isolation of MPGF
from pancreatic islets is presented. From its amino acid com-
position, we have identified MPGF as the entire (unpro-
cessed) COOH-terminal portion of the proglucagon molecule
including both of the glucagon-like sequences.

MATERIALS AND METHODS

Isolation of pancreatic islets, labeling of islet proteins, and
their electrophoretic separation for fluorography have been
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described (7). Elution of radioactive proteins from excised
gel bits for subsequent two-dimensional analysis of their
tryptic peptides and quantitation of electrophoretically re-
solved proteins by scintillation counting have also been de-
scribed (1, 8). Isoelectric focusing was carried out on slab
gels composed of 5% acrylamide/0.33% N,N’'-methylene-
bisacrylamide/8 M urea/2% (vol/vol) Nonidet P-40 and am-
pholytes of pH ranges 5-7 and 3-10, 1% (wt/vol) each.

Isolation of Islet mRNA and Cell-Free Translation. Poly-
adenylylated RNA was isolated from batches of 2000-4000
rat islets as detailed (9). The average yield of mRNA was
=~(0.05 A, unit per 1000 islets. Ten-microliter samples of
mRNA, corresponding to 500 islets, were translated in a re-
ticulocyte lysate system (10) in a total volume of 50 ul for 60
min at 30°C. Where indicated, 1 ul of microsomal mem-
branes from canine pancreas (11), corresponding to 0.2 A,g
unit, was included prior to the addition of mRNA.

Immunoprecipitations. For immunoprecipitation of gluca-
gon-related peptides, isolated islets were incubated for 2 hr
with [**S]methionine (1), then sonicated in immunoprecip-
itation buffer (12) (2 ml for 1000 islets) and heated for 1 min
at 100°C. After centrifugation for 1 hr at 40,000 x g, 0.2-ml
samples of the supernate were incubated with 1 ul of gluca-
gon antiserum K4023 (Novo Research Institute, Copenha-
gen, Denmark) for 24 hr at 4°C. To controls, 20 ug of syn-
thetic glucagon was added. After addition of 50 ul of anti-
rabbit IgG (Miles), incubation was continued for at least 4 hr.
Precipitates were washed (13) and lysed in 0.3 ml of 3 M
acetic acid, then lyophilized and dissolved in 25 ul of dena-
turing solution for electrophoresis (7). For immunoprecip-
itation of cell-free translational products, samples were heat-
ed (1 min, 100°C), diluted with 20 vol of immunoprecipitation
buffer and centrifuged (Sorvall HB 4 rotor, 8000 rpm, 20
min). Samples (0.5 ml) of the supernate were precipitated as
déscribed above.

Isolation of MPGF from Pancreatic Islets. Batches of 2000-
4000 islets that had been washed with albumin-free Hanks’
buffer were sonicated in 2 ml of 70% ethanol (vol/vol)/0.2 M
HCI. After centrifugation (Sorvall HB 4 rotor, 8000 rpm, 15
min, 4°C), the pellet was extracted with an equal volume of
HCl/ethanol. The combined extracts were adjusted to pH 5
(10 M NaOH) and kept overnight at —24°C. The flocculant
precipitate was collected by centrifugation and extracted
with three 2-ml portions of 0.1 M Tris*HCI, pH 10/2 mM
phenylmethylsulfonyl fluoride. The combined extracts were
fractionated by ammonium sulfate precipitation. Material
precipitating between 1.3 and 3.6 M ammonium sulfate was
collected and dissolved in 50 mM Tris'HCl, pH 10/1 mM
phenylmethylsulfonyl fluoride and any undissolved material
was removed by centrifugation. The supernate was subject-

Abbreviations: MPGF, major proglucagon fragment; D, duodenal;
S, splenic.

*Present address: Institut fiir Organische Chemie und Biochemie,
D-7800 Freiburg, Federal Republic of Germany.
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Fi1G. 1. Pulse-chase experiments with duodenal (Left) and sple-
nic (Right) islets. Samples of 60 islets were pulse labeled with
[>*SImethionine for 2 min and chased for 0 (lane 1), 3 (lane 2), 8 (lane
3), 28 (lane 4), 58 (lane 5), and 118 (lane 6) min. PPI, preproinsulin;
P, proinsulin; I, insulin chains; PS, prosomatostatin; PG, progluca-
gon; MPGF, major proglucagon fragment; *, unidentified protein.

ed to a second precipitation at pH 5. The pelleted precipitate
was washed once with 50 mM NaOAc (pH 5), dissolved in 2
ml of 20 mM Na phosphate (pH 7), and cleared again of un-
dissolved material. The resulting supernate contained isolat-
ed MPGF.

For evaluation of this isolation procedure, two sets of ali-
quots were removed at the essential steps (see Table 1) and
lyophilized. One set of samples was dissolved for electro-
phoretic analysis (7) and the other was solubilized in 20 mM
Tris"HCl, pH 8.0/1% NaDodSO, for protein determination
(14).
Amino Acid Analysis. Two nanomoles of isolated MPGF
(20 ug) was hydrolyzed in 6 M HCI for 20 hr at 110°C and
analyzed on a Biotronik LC 5000 amino acid analyzer.

RESULTS

Synthesis and Processing of Glucagon Precursors in Vivo
and in Vitro. The demonstration of the components of gluca-
gon biosynthesis in pancreatic islets is facilitated by the exis-
tence of two types of islets—those designated “splenic” or S
islets that produce glucagon and those called “duodenal” or
D islets that are devoid of glucagon. The almost complete
regional separation of these two islet populations in the rat
pancreas (15) allows for their separate isolation from the re-
spective portions of this organ.
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Fi1c. 2. Two-dimensional analysis of tryptic peptides of proglu-
cagon (Left) and MPGF (Right), biosynthetically labeled with
[*Hlphenylalanine. Origins were at the lower left corners (+).

The results of pulse—chase experiments with D and S is-
léts are presented in Fig. 1. The various forms of insulin bio-
synthesis including preproinsulin, proinsulin, and its conver-
sion products (7) are equally conspicuous in both types of
islets. Similarly, prosomatostatin (8) can be clearly dis-
cerned on the protein patterns of both D and S islets. By
contrast, the forms that have been attributed to glucagon
biosynthesis (1) are completely absent from the protein pat-
tern of D islets. Those forms are proglucagon (18 kDa), a
posttranslationally modified proglucagon of slightly reduced
electrophoretic mobility, and the conversion product of 10
kDa designated MPGF (1, 2). Glucagon itself appears to be
covered by heavily labeled insulin chains resulting from
stimulated (25 mM glucose) insulin production.

A protein of =13 kDa directly above prosomatostatin (Fig.
1, #), which was tentatively identified as an intermediate of
proglucagon conversion (1) can no longer be attributed to
glucagon biosynthesis because of its formation in both types
of islets.

The nature of MPGF as a proteolytic conversion product
of proglucagon is confirmed by two-dimensional analysis of
the tryptic peptides of biosynthetically labeled proglucagon
and MPGF (Fig. 2). Labeling with radioactive phenylalanine
has been found to result in particularly clear fingerprints.
The structural analysis of MPGF (see below) confirmed the
presence of phenylalanine in most of its tryptic peptides (see
Fig. 6).

e

FiG. 3. Comparison of gluca-
gon precursors and related pep-
tides formed in vivo and in vitro.
(a) Coomassie blue-stained elec-
trophoretograms of 100 D and S
islets, respectively, labeled for 2
hr with [**S]methionine. () Fluo-
rograph of the same gel. (c)
Lanes: 1, immunoprecipitated ex-
tract of labeled S-islets; 3, immu-
noprecipitated cell-free trans-
lation products; 5, immunopre-
cipitated cell-free translation
products processed by microsom-
al membranes; 2, 4, and 6, control
precipitates. PPG, preprogluca-
gon; G, glucagon; other abbrevia-
tions are as in Fig. 1.
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Table 1. Isolation of MPGF from pancreatic islets

Proc. Natl. Acad. Sci. USA 81 (1984) 5009

Total protein,  33S-labeled MPGF,* Yield, Specific activity,

Fraction ug total cpm % cpm/ug protein
Islet lysate 3920 4543 100 1.2
HCl/ethanol extract 2640 4112 91 1.6
First pH 5 precipitate (extracted at pH 10) 1272 3471 76 2.7

Ammonium sulfate precipitate (1.3-3.6 M)

(dissolved at pH 10) 108 1005 22 9.3
Second pH 5 precipitate (dissolved at pH 7) 15 614 14 40.9

A total of 4400 islets was incubated as batches of 200 with [>*S]methionine for 2 hr (1). Combined material was fractionat-

ed as described in Materials and Methods.

*Determined from excised and dissolved bits of the gel shown in Fig. 4.

Accumulation of MPGF as a conversion product of pro-
glucagon in pancreatic islets has been shown by its abun-
dance in the pattern of islet proteins on Coomassie blue-
stained electrophoresis gels (2). In the fluorograph of islets
labeled with [3S]methionine for 2 hr (Fig. 3b), proglucagon,
MPGF, and glucagon can easily be discerned. In this experi-
ment, as in all the following ones, islets were incubated at
low glucose concentration (2.5 mM) to suppress insulin bio-
synthesis. Coomassie blue staining of the fluorographed gel
(Fig. 3a) showed that the band corresponding to MPGF was
the only visible difference between D and S islets. Whereas
glucagon again appears to be overlayed by (preformed) insu-
lin chains, proglucagon, like proinsulin, seems not to accu-
mulate sufficiently in the cell to be visible as a stained pro-
tein band (Fig. 3a).

For immunoprecipitation of glucagon-related peptides
from islet extracts or from cell-free translational systems, a
glucagon antiserum (K4023) was used that also reacts with
larger forms of glucagon such as glicentin (16). In [**S]me-
thionine-labeled islet extracts, proglucagon and glucagon
were found to be immunoreactive (Fig. 3c, lane 1), but not
MPGF, in accordance with its previous identification as a
glucagon-free conversion product (1). When total islet
mRNA was translated in a reticulocyte system, a single pro-
tein was immunoprecipitated that can be tentatively identi-
fied as preproglucagon (Fig. 3c, lane 3). This primary trans-
lation product appeared to be only slightly larger than pro-
glucagon in the electrophoresis system used (7), but it was
reduced to the size of the prohormone when microsomal
membranes were added to the cell-free system (Fig. 3c, lane
5.

Isolation of MPGF from Pancreatic Islets. To isolate MPGF
from pancreatic islets, a multistep precipitation procedure

b

PG~

MPGF =

was developed using changes of pH, temperature, and etha-
nol and ammonium sulfate concentrations (Table 1). The
stepwise purification of 33S-labeled MPGF is illustrated in
Fig. 4. Since MPGF (estimated size, 10 kDa) represents a
major portion of the prohormone, the concomitant purifica-
tion of labeled proglucagon is not unexpected (Fig. 4a).
However, because of the low abundance of the prohormone
in pancreatic islets, the final preparation of MPGF can be
regarded as being “electrophoretically pure” (Fig. 4b, lane
5). On isoelectric focusing gels, isolated labeled MPGF is
present as a single band at pH 5 (Fig. 4c) whereas labeled
proglucagon appears to be resolved into multiple bands of
slightly different isoelectric points that are barely visible on
the fluorograph (Fig. 4c, lane 1).

From the radioactivity in MPGF bands excised from the
gel of Fig. 4, a final yield of extracted peptide of 10-20% can
be calculated (Table 1). Given that 4400 islets were used as
the starting material, the MPGF content was calculated to be
24 ng per islet or about 1/40th of the total islet protein. This
figure agrees with the gross appearance of MPGF abundance
in Coomassie blue-stained islet proteins (Fig. 3a).

Amino Acid Composition of MPGF and its Structural As-
signment to Proglucagon. Recently, the amino acid se-
quences of three mammalian proglucagons have been de-
duced from the structure of preproglucagon cDNA (3-5). In
each case the NH,-terminal glucagon-containing portion of
the prohormone was composed of the sequence of glicentin
whereas the rest of the molecule consisted of two glucagon-
related sequences bracketed by basic residues and linked by
a spacer sequence (see Fig. 6). This entire COOH-terminal
portion of 88 or 89 amino acid residues was close to a molec-
ular weight of 10,000.

To prove the identity of MPGF with this COOH-terminal

¢

— pH
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MPGF™ % -5

-6

-7 Fic. 4. Isolation of MPGF
from pancreatic islets. (a) Fluoro-
graph. (b) Protein stain. Lane

_g humbers refer to fractions listed

in Table 1. (¢) Isoelectric focusing
< B of MPGF (corresponding to lanes
of 5 a and b). Lane 1, fluorograph;
lane 2, protein stain. Abbrevia-
tions are as in Fig. 1.
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Table 2. Comparison of amino acid compositions of rat MPGF
and the COOH-terminal portions of human (4), hamster (3),
and bovine (5) proglucagon

Residues per molecule

Amino acid Rat* Man Hamster Ox
Asx 8.8 (9 11 10 11
Thr 4.7 (5) 5 7 5
Ser 6.4 (6) S 6 6
Glx 12.6 (13) 12 12 12
Pro 1.1 (D 1 1 1
Gly 7.4 (D 6 6 5
Ala 74 (1) 8 6 6
Cys — — — —
Val 3.8 4) 4 4 5
Met 1.1 (1) 1 1 1
Ile 4.7 (%) 6 6 4
Leu 6.9 (7) 6 6 7
Tyr 2.0t (2) 1 1 2
Phe 4.6 (5 6 6 6
Lys 4.8 (5) 3 5 4
His 2.5 (3) 3 3 3
Trp 2t 2 2 2
Arg 6.5 (7) 8 7 9
Total 89 88 89 89

*Values for rat MPGF are means of analyses of three different pro-
tein preparations. Numbers in parentheses represent nearest inte-
gers.

tBased on the assumption of two tyrosine residues per molecule.

Calculated from [*H]tryptophan-labeled MPGF.

part of the proglucagon molecule, the amino acid composi-
tion of MPGF isolated from rat islets was compared with that
of the corresponding portions of human (4), hamster (3), and
bovine (5) proglucagon (Table 2). Indeed, by its amino acid
composition rat MPGF is almost identical to the presumed
equivalent sequences of other proglucagons, while a few
mismatches may be due to impurities or interspecies differ-
ences (Table 2).

Correct determination of the number of tryptophan resi-
dues in MPGF appeared to be crucial for its identification
because of the consistent and exclusive presence of one
tryptophan in each glucagon-related sequence (see Fig. 6).
For this purpose, lysates of D and S islets that had been la-
beled for 2 hr with [*Hltryptophan were electrophoresed on
gels designed for optimial resolution of peptides (17) together

(angler hsh)
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6- Fic. 5. High-resolution elec-
trophoretic analysis of compo-
nents of glucagon biosynthesis la-
beled with [*H]tryptophan. One
hundred each S and D islets were
labeled and analyzed. Lane 1,
125[.1abeled glucagon, autoradio-
graph; lane 2, isolated MPGF,
protein stain. Abbreviations are
as in Figs. 1 and 3.
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with ?I-labeled glucagon and isolated MPGF for reference
(Fig. 5). For subsequent fluorography, gels were rinsed for
20 min in 1 M Na salicylate (18) and then dried and exposed.
The loss of glucagon by thlS procedure was negligible as esti-
mated from recovery of >I-labeled glucagon.

As shown in Fig. 5, the components of glucagon biosyn-
thesis are the predominant tryptophan-containing proteins at
the resolved molecular range. Excision and determination of
the radioactivity of MPGF and glucagon bands from the gels
of three different experiments gave mean values of 5368 cpm
for MPGF and 2451 cpm for glucagon. Since the peptides
would be expected to be formed at equimolar rates, these
data confirm the presence of two tryptophan residues in
MPGF as compared with one in the glucagon sequence, and
they also indicate that MPGF is not processed to glucagon-
like peptides to any measurable extent.

DISCUSSION

The present data give a rather clear picture of proglucagon
conversion in pancreatic islets. Since only one glucagon pre-
cursor has been detected in vivo as well as in vitro, the as-
sumption of a close structural relationship between rat pro-
glucagon and the evolutionarily well-preserved sequences of
other mammalian proglucagons appears to be well justified.
Thus, the conversion of the rat prohormone is suggested to
result in glucagon, the NH,-terminal peptide that is neces-
sarily released and has already been isolated as glicentin-re-
lated pancreatic peptide from porcine pancreas (19), and

PG| VUQEADPSSSLEAI)STI.KDEPRELSI.&HSEGTFSWVSKVLE FVRA_Q.MﬁMVAE ﬂ ...... HADGTFTSDVSSYLKDQAIKDF VORLKAGQ

PG Il WMS&LNENS&YEPI[PLTTSEW SNDYSKYLET]

GLICENTIN (pig) RSLONTEEXSRSFPAPQTDPLDDPDQMTE TFTSDYSKYLOS) VOULMNT]
PG (0Xx) II:

nﬁ ........ NABGT"SWSSVLMMWVS!.

RSLQNTEEKSSSFPAPQTOPLGDPDQINE TFTSDYSKYL VOULMNT FERHAEGTFTSOVSSYLEGQAAKEF 1AWLY FPEEVNIVEEL FSDEMNYVLDSLATROF INILLQTKIT
PG (hamster) moorzzxsusmsommmqmmﬁmmsnvsm VOuLINT ERHAEGTFTSDVSS YLEGQAAKEF IAMLVK PEEVTIVEEL 'SOEMNTILOSLATROF INGL IQTKIT
PG (man) RSLQDTEEKSRSF SASQADPLSDPOQHNEDKRHSQGTFTSOYSKYLOSRRAQDF VOLMNT EFERHAEGTF TSOVSSYLEGQAAKEF IARLVK PEEVAIVEEL FSDEMNT [LONLAARDF INYL IQTKI T
PROGLUCAGON | | | I X K oais-a T TI GLS-2 1
(rat)

A $ $ A
CONVERSION | I i 101 1l 1 1
PRODUCTS GRPP GLUCAGON ? MAJOR PROGLUCAGON FRAGMENT

FiG. 6. Schematic presentation of structure and conversion of rat proglucagon. The suggested structure of rat proglucagon is aligned with
the sequences of human (4), hamster (3), and bovine (5) proglucagon and porcine glicentin (6). In addition, tITe two proglucagqn sequences fr9m
angler fish (20, 21) are presented. GRPP, glicentin-related pancreatic peptide (19); GLS-1 and -2, gluc.agon-yke sequences. Pairs of basic amino
acids as potential conversion sites (22) are boxed. Note the position of tryptophan residues (underlined) in glucagon and MPGF.
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MPGF as the third conversion product. The fate of the hexa-
peptide generated in the proteolytic separation of glucagon
and MPGF (Fig. 6) is unknown at present.

Immunological evidence has been presented for the pres-
ence of glicentin-related pancreatic peptide in secretory
granules of glucagon-producing cells (23) and its secretion
along with glucagon has been reported (24). Because of an
overestimation of its size (16, 24), this peptide was originally
thought to be structurally related to MPGF (1, 2). However,
the data presented here allow for correct assignment of the
arrangement of these sequences in proglucagon. Thus, by its
size of 10 kDa, by its lack of glucagon (or glicentin) immuno-
reactivity and, most importantly, by its amino acid composi-
tion, MPGF is identified as the COOH-terminal portion of
proglucagon comprising the two glucagon-like sequences
(Fig. 6).

A proglucagon fragment consisting of the glucagon moiety
with a COOH-terminal extension of eight amino acids has
been isolated from pancreas (25) and evidence has been pre-
sented for still larger glucagon species as possible intermedi-
ates of proglucagon conversion (26). However, these inter-
mediates appear not to accumulate sufficiently to be con-
spicuous as stained or labeled proteins on electrophoresis
gels of fluorographs thereof.

The isolation procedure described here for rat pancreatic
islets may be applicable to the enrichment of MPGF from
total pancreas of larger animals as a more ample source of
this protein. From such crude material, sufficient quantities
of highly purified MPGF may be derived for studies of its
physiological relevance. Evidence for the secretion of
MPGF together with glucagon has been presented (2), and
receptor studies will be necessary as the next step in estab-
lishing its role as a bioactive peptide. Those studies will also
have to take into consideration a possible synergism of
MPGF with its biosynthetic and secretory partners, especial-
ly glucagon, at the receptor or post-receptor level.

From analysis of the human genome, the presence of only
one allelic sequence coding for glucagon has been reported
(4). This observation supports the presumed generation of
glucagon and glicentin from the same prohormone. For the
regulation of a tissue-specific processing of proglucagon, re-
sulting in glucagon in pancreatic islets, and in glicentin in the
intestinal mucosa, modifications of the peptide chain of the
precursor may be relevant. Such modifications may influ-
ence the conformation of the protein thereby changing the
accessibility of potential recognition sites (22) (Fig. 6) for the
converting enzyme(s).

The evidence for modification of rat proglucagon is two-
fold. First, the apparent difference in the size of preproglu-
cagon and proglucagon does not account for the size of the
signal peptide of 2-3 kDa (3-5). (For comparison, see the
difference between preproinsulin and proinsulin in Fig. 1.)
This discrepancy is equally evident in the proglucagon found
by labeling of intact islets and for the prohormone generated
in vitro by microsomal processing (Fig. 3C). This virtual in-
crease of the size of proglucagon most likely represents an
early modification occurring during or directly after transla-
tion. Second, an additional modification step resulting in a
further virtual increase in size appears after 5-10 min in
pulse—chase experiments (Fig. 1).

The prevailing modification of secretory proteins is glyco-
sylation, resulting in N-glycosidic linkage of the oligosaccha-
ride chain to an asparagine residue. However, the absence of
a typical glycosylation site of the structure Asn-X-Thr (Ser)
in all the proglucagons sequenced so far (Fig. 6) makes this

Proc. Natl. Acad. Sci. USA 81 (1984) 5011

type of modification unlikely. The true nature of this phe-
nomenon may ultimately be clarified by the identification of
modified amino acids in proglucagon conversion products.
Also for this purpose, the elaboration of a procedure for the
large scale isolation of MPGF from total pancreas appears to
be necessary.

Note Added in Proof. After this article was submitted, the sequence
of rat preproglucagon was made available to us (G. Heinrich and J.
Habener, personal communication), confirming its close structural
relationship to other mammalian preproglucagons. By radiose-
quencing of biosynthetically labeled islet proteins (7), we confirmed
the positions of proline, threonine, and serine in sequence cycles 3,
6, and 12, respectively, for the NH,-terminal portion of progluca-
gon. For MPGF, phenylalanine was found in positions 4 and 12 and
alanine was found in position 8, in agreement with our structural
assignment of this fragment.

The technical assistance of Mrs. Brigitte Weber, who also assisted
in the preparation of the manuscript, and Ms. Birgit Sorg is grateful-
ly acknowledged. This work was supported by the Deutsche Forsch-
ungsgemeinschaft.
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