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ABSTRACT  We have isolated cDNA clones encoding bovine

pancreatic preproglucagon. Twenty-five putative preproglucagon

clones were selected by screening 3,100 clones of  a fetal bovine

pancreas cDNA library with a synthetic oligodeoxynucleotide probe.
- The probe was a mixture of synthetic 17-base DNA oligomers con-
. structed to cerrespond to the six carboxyl-terminal amino acids
(residues 24-29) of mature glucagon. Restriction mapping of six
of these clones suggested that they represented a single mRNA
species. Primary sequence analysis of one clone containing a 1,200-
base-pair DNA insert revealed that it contained an essentially full-
length: copy of glucagon mRNA. Analysis of the cDNA suggested
a protein coding sequence of 540 nucleotides and 5’- and 3’-un-
translated regions of 90 and 471 nucleotides, respectively. This
c¢DNA sequence encoded a 20-amino acid signal sequence fol-
lowed by one for glicentin, a 69-amino acid polypeptide containing
an internal glucagon moiety- that has been found in porcine in-
testines. Glicentin is followed by two additional glucagon-like pep-
tides; each flanked by paired basic amino acids (Lys, Arg) char-
acteristic of prohormone processing. These polypeptide sequences
show striking homology with those for glucagon and other mem-
bers of the glucagon family of peptides.

Glucagon is a 29-amino acid polypeptide hormone produced in
the a cells of the pancreatic islets (1). As with other polypeptide
hormones, the synthesis of glucagon is thought to involve a larger
precursor, which is then enzymatically cleaved to the functional
form (2). Molecules of various sizes, all larger than glucagon
and displaying glucagon-like immunoreactivity, have been iso-
lated from the pancreatic tissues of many different species (3—
10). Additional high-molecular-weight forms have been found
in gastric and intestinal mucosa (11, 12) and in plasma (13). Gli-
centin, a putative proglucagon fragment, is a 69-amino acid
polypeptide isolated from porcine intestine that has been shown
to contain the glucagon sequence in residues 33-61 (14); se-
quence 1-30 represents the glicentin-related pancreatic pep-
tide (GRPP) isolated from' porcine pancreas (15). Glucagon is a
member of a family of structurally related peptides that in-
cludes secretin (16), glicentin (14), gastric inhibitory peptide
(17), vasoactive intestinal peptide (18), prealbumin (19), pep-
tide HI-27 (20),and a growth hormone-releasing factor (21).

In mammals, the primary physiological effect of glucagon is
in the liver, where it affects glucose metabolism by inhibiting
glycogen synthesis, stimulating glycogenolysis, and enhancing
gluconeogenesis (22, 23). In vitro studies have shown that glu-
cagon increases the mobilization of glucose, free fatty acids,
and ketone bodies, which are metabolites produced in excess
in diabetes mellitus (24). For these reasons, interest has focused
on the biosynthesis of glucagon and related peptides.
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Fic. 1. Sequence of the glucagon oligodeoxynucleotide probe (17-
mer). Sequences of the mRNA and cDNA corresponding to glucagon
amino acid residues 24-29 are shown.

Studies of anglerfish glucagon have elucidated some steps
involved in its biosynthesis. At least two distinct mRNA species
are found in anglerfish islets, encoding glucagon-related pro-
teins of 14.5 kilodaltons (kDa) and 12.5 kDa (25-27). The mRNA
coding for the 14.5-kDa molecule contains sequences that when
translated could give rise to glucagon and a second glucagon-
like peptide by simple enzymatic cleavage (28). Pulse-chase ex-
periments on isolated rat islets have identified an 18-kDa glu-
cagon-related protein that exhibits prohormone-like kinetics of
formation and processing (9). Allowing for a signal peptide, this
suggests a mammalian preproglucagon of ~21 kDa.

We fractionated fetal bovine pancreas poly(A)* RNA accord-
ing to size and identified an enriched glucagon-coding fraction
by hybridization with a specific oligodeoxynucleotide probe.
We used these RNAs as templates to prepare cDNAs and cloned
their corresponding recombinant plasmids in bacteria. In this
paper, we report the isolation and characterization of clones
encoding mammalian preproglucagon. The coding sequence of
540 nucleotides predicts an initial precursor polypeptide of 21
kDa. The nucleotide sequence of this cloned cDNA reveals that
the glucagon moiety is contained within a glicentin-coding se-
quence, which is followed in turn by sequences for two addi-
tional glucagon-related peptides.

MATERIALS AND METHODS

Oligodeoxynucleotide Probes. Two oligodeoxynucleotide
mixtures were synthesized to correspond to the regions of glu-
cagon coding for amino acids 24-29 (Gln-Trp-Leu-Met-Asn-Thr,
a.17-base oligomer) (Fig. 1) or amino acids 24-28 (a 14-base

Abbreviations: kDa, kilodalton(s); bp, base pair(s); GRPP, glicentin-re-
lated pancreatic peptide; GLP, glucagon-like peptide.
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oligomer, kindly provided by Marvin Caruthers, Dept. of
Chemistry, University of Colorado, Boulder, CO). The oligo-
deoxynucleotides were synthesized by using solid-phase ami-
nophosphite triester chemistry (29, 30).

Construction of the cDNA Library and Identification of
Clones Containing ¢cDNAs Coding for Preproglucagon. Total
RNA was extracted from second-trimester fetal bovine pancreas
as described (31, 32). Poly(A)* RNA isolated from total RNA by
two passes over oligo(dT)-cellulose as described (33) was frac-
tionated by centrifugation on 15-30% linear sucrose gradients.
Poly(A)" RNA from each fraction was. dot-blotted onto nitro-
cellulose by the method of Thomas (34) and hybridized as de-
scribed (35) with the 14-base oligomer (14-mer), which had been
phosphorylated (36) with [y-3*P]ATP (3,000 Ci/mmol; 1 Ci =
3.7 X 10" Bq; Amersham) and T4 polynucleotide kinase (Boeh-
ringer Mannheim). Poly(A)* RNA from each fraction was trans-
lated in a cell-free system (37) and the products were analyzed
by electrophoresis on 15% NaDodSO,/polyacrylamide gels (38).
A RNA fraction of =14-15 S hybridized specifically with the
oligodeoxynucleotide probe, and its translation products were
found to be enriched for polypeptides in the range of =21 kDa,
the expected size of preproglucagon (data not shown). This
poly(A)* RNA was used in the preparation of double-stranded
cDNA, which was inserted into the Pst I site of bacterial plas-
mid pBR322 with dG:dC homopolymeric tailing as described
by Land et al. (39). The recombinant plasmids were used to
transform Escherichia coli strain RRI (40).

Bacterial colonies containing recombinant plasmids were
screened by the colony hybridization assay of Grunstein and
Hogness (41).. Utilizing a double-positive identification scheme,
one set of filters was hybridized with 32P-labeled 17-mer as de-
scribed (35), and a duplicate set of filters was hybridized with
a 32P-labeled cDNA probe. The latter probe was prepared by
using the 17-mer as a primer for the synthesis of cDNA (42)
with the enriched poly(A)" RNA fraction used to prepare the
library as template. The rationale for utilizing the double-pos-
itive hybridization scheme was that colonies containing glu-
cagon-coding sequences should hybridize with both probes.
Therefore, colonies showing hybridization with only one of the
probes were unlikely to contain glucagon-coding sequences and,
in this context, were considered to be false-positives.

For primary sequence analysis of the eloned preproglucagon
cDNA, selected restriction fragments were subcloned into the
bacteriophage vector M13. DNA was subjected to sequence
analysis by the Sanger dideoxy chain-termination method as de-
scribed (43, 44).

Identification of Glucagon-Coding Poly(A)* RNA. Poly(A)*
RNA was fractionated on agarose gels in the presence of 10 mM
CH;3HgOH and transferred to sheets of nitrocellulose as de-
scribed (34, 45). The glucagon cDNA recombinant plasmid was

Proc. Natl. Acad. Sci. USA 80 (1983)

%2p_Jabeled by nick-translation (46) and hybridized with the RNA
fixed to nitrocellulose as described (34).

RESULTS

Fractionation of fetal bovine pancreas poly(A)* RNA on sucrose
gradients resulted in an ~10-fold enrichment for sequences hy-
bridizing with the **P-labeled 14-nucleotide glucagon-specific
probe. Initial experiments indicated that under the hybridiza-
tion conditions necessary for screening the cDNA library, hy-
bridization with the bacterial host DNA occurred (data not
shown). Therefore, a 17-mer was synthesized and used in sub-
sequent experiments. Colony screening with the 32P-labeled
17-mer showed specific hybridization with plasmid DNA in a
number of colonies. Screening a duplicate set of colony filters
with the **P-labeled cDNA synthesized by using the 17-mer as
primer produced 26 colonies exhibiting hybridization with both
probes. Southern blot analysis (47) (with **P-labeled 17-mer as
the hybridization probe) of plasmid DNA from each of the 26
colonies indicated that only one of the selected clones was a
false-positive and that all other recombinant plasmids contained
¢DNA inserts of 850-1,200 base pairs (bp).

Six of the recombinant plasmids were selected at random
and grown in quantity for restriction mapping analyses to de-
termine whether one or several mRNA species were repre-
sented. Restriction endonuclease digestions and Southern blot
analyses of these clones suggested that they represented a sin-
gle mRNA species. At least one clone, bgl3A7 (with an insert
of =1,200 bp) was deemed likely to represent essentially the
entire sequence of the mRNA for pancreatic preproglucagon.

A detailed restriction map of clone bgl3A7 was constructed
-to determine restriction fragments suitable for subcloning into
the M13 bacteriophage vector for primary sequence analysis.
In most regions, both the sense and nonsense strands were sub-
jected to sequence analysis (Fig. 2). All areas were subjected
to sequence analysis at least twice, and all regions overlapping
junctions between fragments were sequenced. A second clone,
bgdE11, whose inserted DNA is in the orientation opposite to
that of bgl3A7, was utilized in confirming the 5'-terminal se-
quence.

Analysis of the primary sequence of the cloned DNA (Fig.
3) suggests that it encodes a 21-kDa initial translation product
of 180 amino acids. The coding sequence of 540 nucleotides is
preceded by a 5'-untranslated region of 90 nucleotides and fol-
lowed by a longer 3'-untranslated region of 471 nucleotides,
resulting in a total of 1,101 nucleotides. The remainder of the
inserted DNA is the dG- and dC-homopolymeric extensions
and a poly(A) tract at the 3’ terminus. The first initiation codon,
ATG (methionine), in the longest open reading frame of the
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Fic. 2. Partial restriction endonuclease map and strategy for sequence analysis of cloned preproglucagon cDNA. Numbers below the restriction
map refer.to the positions within the cDNA in kilobases. The direction and extent of sequence determinations are shown by horizontal arrows. Frag-
ments subjected to sequence analysis were from pbgl3A7 (with a 1,200-bp.cDNA insert), with the exception of the fragment extending from the
first Pvu I site to the 5' terminus, which came from pbg4E11. Not included are the dC- and dG-homopolymeric extensions and the poly(A) tract.
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nucleotide sequence is located 90 nucleotides from the 5' end
of the cDNA. The initial methionine is followed by 19 pre-
dominantly hydrophobic amino acids, which is characteristic of
the signal peptide sequences found in secretory proteins (48).
The first arginine following the putative signal peptide is likely
to be the initial amino acid residue of proglucagon. Amino acids
1-69 (designated by arrows) represent a sequence that shares
94% homology with the putative proglucagon fragment glicen-
tin. Glucagon is contained within this sequence at residues 33-
61, flanked by paired basic amino acid residues (Lys, Arg) char-
acteristic of prohormone processing (2). Following the octa-
peptide extension at the carboxyl terminus of glucagon are two
additional glucagon-like peptides (GLP-I and GLP-II) of 37 and
33 amino acids, respectively. Like glucagon, these peptides are
flanked by paired basic residues and are separated from each

Proc. Natl. Acad. Sci. USA 80 (1983) 5487

other by a 13-amino acid peptide sequence. The coding se-
quence for GLP-II is followed by an ochre stop codon, 471 nu-
cleotides of 3'-untranslated sequence, and the poly(A) tract
characteristic of most eukaryotic mRNAs (49). Twenty nucleo-
tides upstream from the poly(A) tract is the sequence A-A-T-A-
A-A, thought to represent a polyadenylylation signal (50). Al-
though a second possible polyadenylylation site is located =120
nucleotides downstream from the stop codon, there is no evi-
dence that this site is utilized.

When the **P-labeled bgl3A7 DNA insert was hybridized
with RNA transfer blots of fetal bovine pancreas poly(A)* RNA,
a single RNA species of =1,250 nucleotides was detected (Fig.
4). This result indicates that the glucagon clone represents an
essentially full-length copy of the mRNA coding for pancreatic
preproglucagon.

5'...AACAGAGCTCAGGACACTGCACACCCAAACGAGGGCTCACTCTCTCTTCACCTGCTCTGTTC 62
-20
lys ser leu tyr phe val ala gly

CACCTCCTGGTGTCAGAAGGCAGCAAAA ATG AAA AGC CTT TAC TTT GTG GCT GGA 117

-10 -1 + Glicentin
leu phe val met leu val gln gly ser trp gln arg ser leu gln asn thr
TTG TTT GTA ATG CTG GTA CAA GGC AGC TGG CAA CGT TCC CTT CAG AAC ACA 168
10 20
glu glu lys ser ser ser phe pro ala pro gln thr asp pro leu gly asp
GAG GAG AAA TCC AGT TCA TTC CCA GCT CCC CAG ACC GAC CCG CTC GGC GAT 219
30 Glucagon 40
pro asp gln ile asn glu asp - his ser gln gly thr phe thr ser
CCA GAT CAG ATC AAT GAA GAT AAG CGC CAC TCG CAG GGC ACA TTC ACC AGT 270
50
asp tyr ser lys tyr leu asp ser arg arg ala gln asp phe val gln trp
GAC TAC AGC AAG TAC CTG GAC TCC AGG CGT GCC CAG GAC TTC GTG CAG TGG 321
60 v 70 Glucagon-

leu met asn thr |1ys aré] asn lys asn asn ile ala |1ys argl his asp glu

TTG ATG AAT ACC AAG AGA AAC AAG AAT AAC ATT GCC AAA CGT CAT GAT GAA 372

like peptide I 80 90

phe glu arg his ala glu gly thr phe thr ser asp val ser ser tyr leu

TTT GAG AGA CAT GCT GAA GGG ACC TTT ACC AGT GAT GTA AGT TCT TAT TTG 423
100

glu gly gln ala ala lys glu phe ile ala trp leu val lys gly arg gly

GAA GGC CAA GCT GCC AAG GAA TTC ATT GCT TGG CTG GTG AAA GGC CGA GGA 474

110 120

asp phe pro glu glu val asn ile val glu glu leu arg |s

AGG CGA GAT TTC CCA GAA GAA GTC AAC ATC GTT GAA GAA CTC CGC CGC AGA 525

Glucagon—-like peptide II 140

his ala asp gly ser phe ser asp glu met asn tyr val leu asp ser leu

CAC GCC GAT GGC TCT TTC TCT GAT GAG ATG AAC ACT GTT CTC GAT AGT CTT 576

150

ala thr arg asp phe ile asn trp leu leu gln thr lys ile thr asp Erg

GCC ACC CGA GAC TTT ATA AAC TGG TTG CTT CAG ACG AAA ATT ACT GAC AGG 627

160

lis] ocC

AAG TAA GTGTGTCATTCATTACTCAAGATCATCTTCACAATATCACCTGCCAGCCATGTGGGAT 691

GTTTGAAATTTTAAGTTCTGTAAATTTAACAGCTGTATTCTAAAGCCATATTGCTTGCATGCAAATA 758

AATAAATTTCCTTTTAATATTGTATAACCAAAAGATTATAAATTGAATACACCATTGTCAAAATAGT 825

GCTAAAATATCAGCTTTAAAATATGTTAATTCAGAATTCTCTTTCTTTTCTTCTGCTAACCTGCTTA 892

GCAATGAAATTATTTCTCTGTGATATAATTTGTATATATAAATTACTCCAATCACAACATATTTGCA 959

TTATAATAAGATAAGGGGAAGGACTGGTAGCCACAGTTGTGAAATGGGAAAGAGAATTTTCTTCTTG 1026

AAACTTTTGTCATAAAAATGCTCAACTTTCAGTATATAAAAGATAAACTAAATAAAAATTTCAAGCT 1093

TCTTCATCAAAAAAA...3' 1101

Fi6. 3. Primary structure of cloned pancreatic glucagon mRNA and the amino acid sequence of preproglucagon. Glucagon and two glucagon-

like peptides (amino acid residues 33-61, 72-108, and 126-158, respectively) are underscored. Basic dipeptides that are potential proteolytic pro-
cessing sites are enclosed in boxes. The sequence of glicentin (residues 1-69) is indicated by vertical arrows. Underscored A-A-T-A-A-A sequences

in the 3'-untranslated region are characteristic sites involved in polyadenylylation of eukaryotic mRNAs, but only the site at nucleotides 1,076—
1.081 is believed ta he ntilized
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Fic. 4. Hybridization of 32P-labeled glucagon cDNA insert to pan-
creas poly(A)* RNA. Ten micrograms each of fetal bovine pancreas and
liver (as control) poly(A)* RNAs was subjected to electrophoresis on 1.5%
agarose gels in the presence of 10 mM CH3HgOH and transferred to
nitrocellulose. Hybridization with 32P-labeled-glucagon ¢cDNA insert
(specific activity = 10® cpm/ug) was at 42°C in 0.75 M NaCl/0.075 M
Na citrate/50% formamide/10% dextran sulfate. Filters were washed
and dried, and bands were visualized by autoradiography. Size mark-
ers, Aluland Taq I restriction endonuclease-digested plasmid pBR322
DNA, were run in a parallel lane and visualized by staining with ethid-
ium bromide prior to transfer.

DISCUSSION

Our finding of a mammalian pancreatic preproglucagon of 180
amino acids containing the sequence of glicentin and two ad-
ditional glucagon-related peptides is surprising. It had been
demonstrated previously by Lund et al. (28) that anglerfish pre-
proglucagon consisted of 124 amino acids, shared little ho-
mology with glicentin (other than the glucagon moiety), and
contained only two glucagon-related peptides. This divergence
in prohormone structure differs from that observed for proin-
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sulin and prosomatostatin (51, 52), whose structural organiza-
tions are conserved between fish and mammals. The 56-amino
acid difference between the bovine and fish preproglucagons
is accounted for by the seven additional amino acids in the bo-
vine sequence between glucagon and GLP-I and the 49 car-
boxyl-terminal amino acids that compose GLP-II and its flank-
ing region. The 66% homology between the second glucagon-
like peptides (bovine GLP-I and fish glucagon-related COOH
peptide) approaches the 69% conservation between the glu-
cagons of these species. The size of the signal peptides (20 amino
acids) is the same, and they share 25% sequence homology. In
contrast, bovine-fish homology in the region comprising amino
acid residues 1-30 of proglucagon (the GRPP) is only 13%. The
sequences joining fish and bovine glucagons (amino acids 64—
69 in bovine) and the glucagon-like peptides that follow are not
conserved between the two species in size or sequence and may
serve only as spacers.

Based upon the amino acid sequence of preproglucagon that
we have deduced from the nucleotide sequence of its cloned
c¢DNA, we propose a scheme for the post-translational pro-
cessing of pancreatic preproglucagon (Fig. 5). Our processing
scheme is consistent with the results of Patzelt et al. (9), who
analyzed glucagon processing in cultured rat islets, and Moody
et al. (15, 53), who determined that a peptide with glicentin-
like immunoreactivity (and lacking glucagon-like immunoreac-
tivity) was secreted synchronously with glucagon in the per-
fused porcine pancreas.

We suggest that the initial translation product of =21 kDa
contains a 20-amino acid signal peptide that is cotranslationally
cleaved to produce the 18-kDa proglucagon. This fragment is
cleaved at the Lys-Arg sequence (residues 31 and 32) in gli-
centin, releasing the GRPP (residues 1-30) and the 13-kDa pre-
cursor. Cleavage at the Lys-Arg sequence (residues 70 and 71),
which follows the octapeptide extension at the carboxyl ter-
minus of glucagon in the 13-kDa precursor, produces the 4.5-
kDa precursor and a 10-kDa fragment containing GLP-I and
GLP-II. Proteolytic processing at the Lys-Arg sequence (res-
idues 62 and 63) of the 4.5-kDa precursor results in the 3.5-kDa
mature glucagon. The fate of the 10-kDa fragment containing
GLP-I and GLP-II is unknown; these peptides apparently do
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Fic. 5. Proposed scheme for pancreatic preproglucagon processing. This biosynthetic pathway for the processing of pancreatic preproglucagon
is based upon our deduced precursor amino acid sequence and the results of Patzelt et al. (9) and Moody et al. (15, 53). Estimation of the M, of the

precursors are from Patzelt et al. (9). kDa, kilodaltons.
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not share immunological determinants with glucagon or gli-
centin, and therefore the pathway of their processing was not
followed in studies utilizing antibodies specific for the latter
polypeptides (9). Thus, it is not known whether the two pos-
sible Arg-Arg proteolytic processing sites (residues 109 and 110
and residues 124 and 125) are utilized. The Arg-Arg sequence
within glucagon (residues 49 and 50) is known not to be cleaved
in the pancreas. It is possible that the variety of possible pro-
cessing sites mediates a tissue-specific expression of the glu-
cagon gene. At least one of the possible processing sites (res-
idues 31 and 32) seems to be cleaved in a tissue-specific manner,
resulting in the production of glicentin in the intestine and GRPP
and glucagon in the pancreas (14, 15, 53).

Glucagon is part of a family of structurally related peptides
that includes secretin, vasoactive intestinal peptide, gastric in-
hibitory peptide, peptide HI-27, growth hormone-releasing
factor, and prealbumin. GLP-I and GLP-II are similar but not
identical to the other members of this peptide family. The
structure of the glucagon mRNA suggests a tandem triplication
of the primary glucagon sequence. No function for GLP-I or
GLP-II is known.

The number of glucagon-coding sequences detected in our
cDNA library (25 of 3,100) and the 10-fold enrichment of the
mRNA cloned suggests that glucagon mRNA constitutes =0.1%
of the mRNA molecules in second-trimester fetal bovine pan-
creas. This estimated value compares with an =10% abundance
of insulin in a similar mRNA population (32).

Following submission of this manuscript, the sequence of
hamster preproglucagon was reported (54). The structures of
bovine and hamster preproglucagons are highly conserved.
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