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A cDNA for the hormone, human pancreatic polypeptide
(PP), was isolated by oligodeoxynucleotide screening from a

cDNA library constructed from normal human pancreatic
mRNA. The primary structure of the precursor protein as

deduced from the cDNA sequence is 95 amino acids long and
is composed of a typical, but rather long signal peptide of 29
residues, followed by the sequence of the 36 amino acid
human pancreatic polypeptide, which again is separated from
the human pancreatic icosapeptide sequence by a classic
cleavage and amidation site, Gly-Lys-Arg. The precursor ter-
minates in a heptapeptide which is cleaved from the icosa-
peptide at a monobasic processing site. Both the size and the
structure of the PP precursor was supported by the results of
peptide analysis of biosynthetically labeled pro-PP isolated
from canine PP cells in which processing was prevented by
the arginine analogue canavanine. It is concluded that the
precursor for mammalian PP gives rise to two peptide pro-

ducts, the well preserved, carboxyamidated PP and an icosa-
peptide which is preserved only in its COOH-terminal end,
plus a small highly variable COOH-terminal oligopeptide.
Key words: amino acid analogues/DNA sequence/molecular
cloning/oligodeoxynucleotide screening/peptide biosynthesis

Introduction
Pancreatic polypeptide (PP) was the first identified product
of the dominating endocrine cell type of the duodenal pan-

creas (Chance et al., 1975; Kimmel et al., 1975; Larsson et al.,
1976). This 36 amino acid, carboxyamidated peptide is one of
a family of biologically active peptides which at present also
includes peptide YY and neuropeptide Y (Tatemoto, 1982a,
1982b). PP itself seems to be a hormone involved in the
regulation of the exocrine pancreatic secretion, and in the
regulation of biliary tract motility (Schwartz, 1983). PP might
also be of importance in the regulation of food intake as

genetically obese laboratory animals have altered PP release
(Malaisse-Lagae et al., 1977; Gates and Lazarus, 1977;
Larsson et al., 1977); and, at least in New Zealand obese
mice, the weight gain can be cured by infusions of PP (Gates
and Lazarus, 1977). In humans the most clear cut analogy is
the Prader-Willi syndrome; obese children with this disease
also demonstrate a blunted PP secretion (Zipf et al., 1981).

With primary cultures of endocrine cells from the canine
duodenal pancreas it was shown that PP is synthesized as the
NH2-terminal part of a relatively small precursor (Schwartz et
al., 1980). From the COOH-terminal region of this precursor
a newly identified icosapeptide is derived initially as a

COOH-terminally extended form (Schwartz and Tager,
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1981). The evidence which indicated that the pancreatic
icosapeptide and PP are synthesised in a common precursor
stems solely from peptide chemistry and includes pulse-chase
experiments, immunoprecipitation, peptide mapping, micro-
sequencing, and immunocytochemistry (Schwartz et al.,
1980, 1984; Schwartz and Tager, 1981). Here we describe the
cloning of a cDNA complementary to human PP mRNA
which also codes for the pancreatic icosapeptide. Further-
more, we present evidence that the biosynthetically labeled
precursor, which accumulates in the canine cells when pro-
cessing is prevented by incorporation of a basic amino acid
analogue, has a structure similar to the one deduced from the
sequence of the human PP cDNA.

ACTCTGGACTCCGG
10

ATG GCT GCC GCA CGC CTC TGC CTC TCC CTG
Met Ala Ala Ala Arg Leu Cys Leu Ser Leu

20
CTG CTC CTG TCC ACC TGC GTG GCT CTG TTA
Leu Leu Leu Ser Thr Cys Val Ala Leu Leu

Signal peptide 30

CTA CAG CCA CTG CTG GGT GCC CAG GGA GCC
Leu Gln Pro Leu Leu Gly Ala Gln Gly + Ala

40
CCA CTG GAG CCA GTG TAC CCA GGG GAC AAT
Pro Leu Glu Pro Val Tyr Pro Gly Asp Asn

50
GCC ACA CCA GAG CAG ATG GCC CAG TAT GCA
Ala Thr Pro Glu Gln Met Ala Gln Tyr Ala

60
GCT GAT CTC CGT AGA TAC ATC AAC ATG CTG
Ala Asp Leu Arg Arg Tyr lie Asn Met Leu

70
ACC AGG CCT AGG TAT GGG AAA AGA CAC AAA
Thr Arg Pro Arg Tyr |GIly Lys Arg His Lys

80
GAG GAC ACG CTG GCC TTC TCG GAG TGG GGG
Glu Asp Thr Leu Ala Phe Ser Glu Trp Gly

4' 90
TCC CCG CAT GCT GCT GTC CCC AGG GAG CTC
Ser Pro His Ala Ala Val Pro Arg Glu Leu

95
AGC CCG CTG GAC TTA TAA TGCCACCTTCTGTCT
Ser Pro Leu Asp Leu Stop

CCTACGACTCCATGAGCAGCGCCAGCCCAGCTCTCCCC

TCTGCACCCTTGGCTCTGGCCAAAGCTTGCTCCCTGCTC

CCACACAGGCTCAATAAAGCAAGTCAAAGCCAAAAAA

+ 25 A's

Fig. 1. Sequence of the human PP cDNA insert in clone pHPPI65. The
stop codon and the polyadenylation site are underlined. The amino acid
sequence deduced from the cDNA sequence of the common precursor for
human PP and pancreatic icosapeptide is shown. Amino acids are
numbered from the initiating methionine. In the protein sequence the
putative signal peptide is underlined, and the combined cleavage and
amidation site between the PP (30-65) and the icosapeptide sequence
(69- 88) has been put in a box. The arrow indicates the cleavage site
between the icosapeptide and the terminating heptapeptide (89-95). The
deduced protein sequence confirms the primary structure of human PP
(Chance et al., 1975) and that of human pancreatic icosapeptide (Schwartz
et al., 1984) as determined by peptide chemistry.
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Fig. 2. Characterization of biosynthetically labeled pro-PP from canine PP
cells. (A) Gel filtration profile of biosynthetically labeled peptides extracted
from a primary culture of PP cells pre-incubated for 6 h followed by an
incubation for 3 h. The column of BIO-GEL P-30 (1.6 x 95 cm) was

eluted with 0.5 M acetic acid. It has previously been shown that peptide I
is a common precursor for peptide II, PP, and peptide III, pancreatic
icosapeptide. (B) A similar experiment to that shown in A, except that
these cells were exposed to a medium in which arginine was replaced by the
analogue canavanine in order to prevent processing and thereby to obtain
pro-PP, the primary translation product minus the signal peptide. Note
that there is no radioactivity eluting as PP or icosapeptide, however, there
is a peptide co-eluting with peptide I, peptide Ic. (C) Biosynthetically
labeled peptide IC characterized on h.p.l.c. using a VYDAC C18 column
and elution with a gradient of acetonitrile and trifluoroacetic acid, 0. I %7o,
in water. (D) Release of radioactivity during automated sequential Edman
degradation of the biosynthetically labeled and purified peptide IC. In this
case the cells had been incubated with [3H]proline.

Results

Cloning and identification of human PP cDNA
Double-stranded cDNA made from total human pancreas
poly(A) + RNA was inserted into the PstI site of the cloning
vector pBR327 and cloned in Escherichia coli. About 1000
colonies containing recombinant plasmids were immobilized
on filter paper and hybridized with a 5' end-labeled hepta-
decanucleotide mixture specific for PP as described in
Materials and methods. The sequence of one of the 32 oligo-
nucleotides in the mixture is complementary to the human PP
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Fig. 3. Autoradiograph from SDS-gel electrophoresis of biosynthetically
labeled peptides extracted from canine pancreatic polypeptide cells
incubated with [35S]methionine for 3 h. The left lane shows peptides
extracted from cells incubated in the presence of all essential amino acids
and the right lane shows peptides from cells incubated in the presence of
the arginine analogue, canavanine. The position taken by peptide I and
peptide Ic (from Figure 2) is indicated and the position taken by calibration
peptides of mol. wt. 21 500 (21.5), 17 200 (17.2), 14 600 (14.6), and 8300
(8.3) is indicated at the right.

mRNA in the region coding for Glu-Gln-Met-Ala-Gln-Tyr.
One clone, pHPP165, hybridized to the probe mixture and
was found to carry an insert of - 530 bp. The nucleotide se-
quence of the insert of pHPP 165 was determined from a
HindII site as well as from four internal BstNI sites in the
recombinant. The resulting nucleotide sequence (Figure 1)
was in total agreement with the known amino acid sequence
of human PP (Chance et al., 1975) and the COOH-terminal
icosapeptide (Schwartz et al., 1984).
Structure ofhuman prepro-PP mRNA
The insert of pHPP 165 (Figure 1) contains 14 nucleotides as a
part of a 5'-untranslated region, 87 nucleotides correspon-
ding to a typical hydrophobic signal peptide of 29 amino acid
residues, 108 nucleotides coding for human PP, nine
nucleotides coding for Gly-Lys-Arg, 60 nucleotides coding
for the human icosapeptide, and 21 nucleotides coding for a
COOH-terminal heptapeptide before a 3'-untranslated
region of 126 nucleotides. This 3' end had a typical poly-
adenylation signal, AATAAA, located 13 nucleotides before
the first A in the poly(A) chain. pHPP165 contained 31 A
residues from this chain and had -30 residues in each
poly[d(G-C)] tail. Human pancreatic polypeptide is therefore
synthesized as a 95 amino acid long precursor of mol. wt.
10 433. The PP, 36 residues long, is followed by a glycine in
position 66 known to be important in the amidation process
(Bradbury et al., 1982). The basic residues Lys-Arg at posi-
tions 67 and 68 constitute a classical processing site for a
dibasic specific endopeptidase, that would cleave PP from the
icosapeptide (Schwartz et al., 1984); this is followed in the
human precursor by a COOH-terminal heptapeptide before
the stop-codon, TAA.
Peptide analysis ofpro-PP
To prevent cleavage of pro-PP the amino acid analogue,
canavanine, was substituted for arginine in the medium of
primary cultures of endocrine cells from dog duodenal pan-
creas. Canavanine can be esterified to arginine tRNA, and is
thereby readily incorporated into nascent polypeptide chains
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Mammalan pancreadc polypeptide precursor

HUMAN PRO-PP

(cDNA DEDUCED)

_ 4 ~~~~~~~~~4
APLEPVYPGDNATPEQMAQYAADLERY I NMLTRPRYKHKEDTLAFSEWGSPHAAVPRELSPLDL

3035 40 45 50 55 60 65 70 75 80 85 9095

#0
HUMAN PEPTIDES APLEPVYPGDNATPEQMAQYAADLRRYINMLTRPRY\ HKEDTLAFSEWGSPHAAVPR

NH2
*0

CANINE PEPTIDES APLEPVYPGDDATPEQMAQYAAELRRYINMLTRPRY, DRGEMRDILEWGSPHAAAPRELMDE

1 5 10 15 20 25 30 35 1 5 10 15 20 25

PANCREATIC POLYPEPTIDE PANCREATIC ICOSAPEPTIDE

i;g. 4. Amino acid sequence of the common precursor for human PP and pancreatic icosapeptide as deduced from the PP cDNA sequence compared with
the amino acid sequence of human and canine peptide products characterized through peptide chemistry. Amino acids of the pro-PP are numbered from the
initiating methionine and the different peptides have, in addition, been numbered from their respective NH2-terminal residue: the combined cleavage and
amidation site and a possible dibasic cleavage site have been placed in boxes. The arrows indicate where cleavage actually takes place according to peptide
chemistry information (the possible processing site R54R55 is apparently not used in the pancreas, unpublished information). The COOH-terminal extension of
the biosynthetic intermediate for the canine icosapeptide is also shown (unpublished information). Amino acid residues that differ between the two species are
underlined in the canine sequences.

(Attias et al., 1969; Pines et al., 1981). However, peptide
precursors containing the analogue are not processed, e.g.,
insulin cells will synthesize and release only pro-insulin when
exposed to canavanine (Noe, 1981; Halban, 1982). PP cells
normally incorporate [35S]methionine into a precursor, pep-
tide I Figure 2A, which is cleaved into the PP segment (pep-
tide II) and the icosapeptide segment, (peptide III) (Schwartz
et al., 1980). It is not known, however, whether the precur-
sor, peptide I, is in fact identical to pro-PP, i.e., the primary
translation product minus the signal peptide.
When PP cells were exposed to canavanine instead of

arginine, there was, as expected, no evidence of the produc-
tion of labeled peptides corresponding to PP or the icosapep-
tide. However, a peptide, peptide I, was observed, which
both on gel filtration (Figure 2B) and SDS-gel electrophoresis
(Figure 3) behaved as peptide I. On SDS-gel electrophoresis
peptide IC, the anticipated canine pro-PP, migrated with an
apparent mol. wt. of 9500 (Figure 3) which is slightly larger
than expected from a peptide with a mol. wt. of 7300 as
deduced from the cDNA. However, the PP molecule itself
migrates on SDS-gel electrophoresis with an apparent mol.
wt. larger than the theoretical (unpublished observation). If
the cells were exposed to canavanine, 4 mmol/l, in the
presence of arginine, 1 mmol/l, a normal pattern of peptide
labeling and processing was observed (data not shown). Pep-
tide Ic, biosynthetically labeled with [3H]proline was further
purified by reverse phase h.p.l.c., where it appeared as one
peak (Figure 2C). Sequence analysis, by sequential Edman
degradation of peptide IC showed that [3H]proline appeared
in sequence cycles 2, 5 and 8 in accordance with the proline
residues in the NH2-terminal sequence of PP (Figure 2D).
These data indicate that the PP sequence is located at the far
NH2-terminal end of pro-PP as also deduced from the struc-
ture of the human PP cDNA. Thus, the peptide analysis of
canine pro-PP corroborates the data deduced from the
human PP cDNA both in respect of size and structure of the
precursor for PP.

Discussion
Here a cDNA for human PP is identified through oligo-
deoxynucleotide screening of a cDNA library constructed on
the basis of mRNA isolated from total human pancreas. The
deduced protein structure of the precursor for PP confirms
previous cell biological studies indicating that PP is synthesiz-

ed together with a newly identified icosapeptide (Schwartz et
al., 1980; Schwartz and Tager, 1981). Furthermore, peptide
analysis of biosynthetically labeled pro-PP from dog PP cells
is in full agreement with the size and structure of the PP
precursor inferred from the human PP cDNA.
The coding region of the human PP mRNA is 285 nucleo-

tides long and accordingly the primary translation product
for PP is a 95 amino acid precursor. Although there is no
definitive amino acid sequence which indicates the cleavage
site of signal peptides, there are certain general rules (von
Heijne, 1983). According to these rules the peptide bond just
before the actual PP sequence, between Gly29 and Ala30 of the
primary translational product, constitutes an almost perfect
point for processing by the signal peptidase. This notion is
supported by the peptide analysis which indicates that the
canine PP sequence is located at the far NH2-terminal end of
the precursor, when further cleavage has been blocked
(Figure 2). The resulting pro-peptide is among the shortest
which have been described in eukaryotes, only 66 amino
acids; on the other hand, the putative signal peptide of 29
amino acids is among the longest known.
The PP sequence of 36 residues is followed by a typical

cleavage and amidation site, Gly66-Lys67-Arg68 (Figure 4). At
this site the sequential action of three processing enzymes is
supposed to take place. First, a dibasic specific endopeptidase
would cleave after Arg68, then a carboxypeptidase would
remove the basic residues, and finally an amidating enzyme
would transform the Gly66 residue into the ca-carboxyamide
group on Tyr65 (Steiner et al., 1980; Bradbury et al., 1982).
The COOH-terminal part of the precursor contains the se-
quence of the human pancreatic icosapeptide (Schwartz et al.,
1984) with a COOH-terminal extension of seven amino acids.
In pulse-chase experiments the dog icosapeptide is excised
from the PP precursor as a COOH-terminally extended in-
termediate form (Schwartz and Tager, 1981, 1982). Recently,
this intermediate form has been characterized as a 25 amino
acid peptide in which the processing occurs at a monobasic
cleavage site between Arg2( and Glu21 (unpublished observa-
tions, Figure 4). As deduced from the cDNA sequence, this
cleavage site and the penultimate residues are identical in the
human and canine peptides whereas the COOH-terminal ex-

tension otherwise varies both in respect of length and se-

quence.
We conclude that three different peptides are made from
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the mammalian PP precursor: (i) an evolutionary well
preserved 36 amino acid peptide, PP itself; (ii) an icosapep-
tide which is well conserved in its COOH-terminal, but not in
its NH2-terminal part; (iii) a small highly variable oligopep-
tide of five to seven residues. This conclusion can only be
reached through the knowledge of both the structure of the
total primary translation product derived from the cDNA,
and knowledge of the structure of the peptides, which are the
final products. One obvious processing site, Arg.-Arg.5, is
apparently not used and another non-obvious processing site,
Arg88, is used.

Materials and methods
Enzymes and reagents
Reverse transcriptase (RNA-dependent DNA polymerase, EC 2.7.7.49; from
avian myeloblastosis virus) was purchased from J.W. Beard, Life Sciences
(St. Petersburg, FL). DNA polymerase I 'Klenow fragment' (EC 2.7.7.7;
from E. coli), polynucleotide kinase (ATP: 5'-dephosphopolynucleotide
5'-phosphotransferase, EC 2.7.1.78; from E. coli strain B infected with
phage T4) and (dT).2 _18 were purchased from P-L Biochemicals (Milwaukee,
WI). Terminal deoxynucleotidyl transferase (EC 2.7.7.31) was from Bethesda
Research Laboratories (Gaithersburg, MD). Nuclease S1 (EC 3.1.30.1; from
Aspergillus oryzae) was purchased from Sigma. RNasin (human placental
ribonuclease inhibitor) was from BioTec (Madison, WI). Restriction en-
donucleases were from New England BioLabs (Beverly, MA). Oligo(dT)-
cellulose was type T-2 from Collaborative Research (Waltham, MA). [cr-
32P]dTTP (3200 Ci/mmol; 1 Ci = 3.7 x 1010 Bq), [a-32P]dCTP (3200 Ci/m-
mol) and [y-32P]ATP (7500 Ci/mmol), L-[35S]methionine (> 800 Ci/mmol),
and L-[2,3,4,5-3H]proline (> 100 Ci/mmol), were obtained from New
England Nuclear.
Construction of a human pancreatic cDNA library
mRNA from a human pancreas was isolated, purified and used as template to
construct an oligo(dT)-primed cDNA library in E. coli on Pstl linearized
pBR327 by methods previously described (Boel et al., 1983). As host strain a
hsdR -,M + derivative of MC 1000 (Casadaban and Cohen, 1980) was used.
Synthesis and end-labeling of oligodeoxyribonucleotides
A mixture of 32 oligodeoxyribonucleotides each 17 bases long, d(TATCTGNG-
CCATTCTGTTC), one of which is complementary to human PP mRNA in the
region coding for the amino acids Glu-Gln-Met-Ala-Gln-Tyr, was synthetised
on a DNA synthesizer (model 380 A, Applied Biosystems, Inc., Foster City,
CA) using phosphoramidite chemistry (Beaucage and Caruthers, 1981). The
oligonucleotide mixture was purified by electrophoresis on a 20%o poly-
acrylamide gel containing 7 M urea and labeled to a specific activity of 2 x 107
c.p.m./pmol by T4 polynucleotide kinase and [-y-32P]ATP as described by
Boel et al. (1983).
Colony hybridization
Colonies with recombinant plasmids were transferred in an ordered array to
Whatman 540 filter paper (82 mm diameter) and immobilized according to
Gergen et al. (1979). Thirteen filters were hybridized with 4 pmol of 5' end-
labeled oligonucleotide mixture for 2 h at 48°C in 15 ml of: 900 mM NaCl,
90 mM Tris-HCl (pH 8.3), 1 mM EDTA, 0.1% SDS with 0.2% each of
bovine serum albumin (BSA), Ficoll and polyvinylpyrrolidone. The filters
were washed in 900 mM NaCl/90 mM sodium citrate (pH 7) at 42°C with
four changes of each 15 min and then exposed to X-ray films for 16 h.
Plasmid DNA isolation and DNA sequence analysis
Plasmid DNA was isolated as described by Birnboim and Doly (1979). DNA
restriction fragments generated by HindIII and BstNI cleavage of a pancreatic
polypeptide specific recombinant were sequenced according to Maxam and
Gilbert (1977).
Biosynthetic studies in isolated dog PP cells
A preparation of single cells were obtained from dog duodenal pancreas by
trypsin digestion in Ca2+ free medium as described previously (Schwartz et
al., 1980). Endocrine cells were purified by Percoll density gradient cen-
trifugation (Schwartz and Tager, 1981). Cells were pre-incubated for 6 h in
Eagle's basal medium with Hank's salts, and all essential amino acids, and for
I h in a medium lacking methionine. During the last hour of pre-incubation
some cell preparations were incubated in a medium also lacking arginine, but
supplemented with L-canavanine, 4 mmol/l (Sigma, C1625) in which they
stayed for the rest of the experiment. The labeling was performed with
0.25 mCi L-[35S]methionine and 0.2 mCi L-[2,3,4,5-3H]proline. After 3 h of

incubation the cells were centrifuged and washed twice before extraction in
I ml of 3 M acetic acid and frozen.
Characterization of biosynthetically labeled peptides
The cell extracts were centrifuged and applied to 1.5 x 95 cm Bio-Gel P-30 col-
umns and eluted with 0.5 M acetic acid containing 10 mg/l BSA. Aliquots
from the cell extracts were also subjected to SDS-polyacrylamide gel elec-
trophoresis (16% acryl amide) according to Laemmli (1970); the gels were
dried and autoradiography was performed. Gel filtration fractions correspon-
ding to the elution position of the pro-PP were pooled, dried and purified on
high performance liquid chromatography using a VYDAC C18 column
(10 x 240 mm, 10 micron particles, and 300 A pores) which was eluted in tri-
fluoroacetic acid (Pierce, sequanal grade), 0.1 %o w/v in redistilled water and a
gradient of acetonitrile (Merck, Art. No. 30). Biosynthetically labeled pro-PP
was subjected to automated sequence analysis by sequential Edman degrada-
tion on an Applied Biosystems 470A gas-phase sequenator using the
MHTFA1 programming of M. Hunkapiller and hepthane as a supplementary
solvent, SI.
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