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nsulin and peptides derived from the processing of
roglucagon have been isolated from an extract of the
ancreas of the South American horned frog, Ceratoph-
ys ornata (Leptodactylidae). Ceratophrys insulin is iden-
ical to the insulin previously isolated from the toad,
ufo marinus (Bufonidae). Ceratophrys glucagon was

solated in two molecular forms with 29- and 36-amino
cid residues in approximately equal amounts. Gluca-
on-29 is identical to glucagon from B. marinus and from
he bullfrog, Rana catesbeiana (Ranidae) and contains
nly 1 amino acid substitution (Thr29 = Ser) compared
ith glucagon from Xenopus laevis (Pipidae). Gluca-
on-36 comprises glucagon-29 extended from its C-ter-
inus by Lys-Arg-Ser-Gly-Gly-Met-Ser. This extension is

tructurally dissimilar to the C-terminal octapeptide of
ammalian oxyntomodulin and resembles more closely

hat found in C-terminally extended glucagons isolated
rom fish pancreata. Ceratophrys glucagon-like peptide-1
GLP-1) (His-Ala-Asp-Gly-Thr-Tyr-Gln-Asn-Asp-Val10-Gln-
ln-Phe-Leu-Glu- Glu-Lys-Ala-Ala-Lys20-Glu-Phe-Ile-Asp-
rp-Leu-Ile-Lys-Gly- Lys30-Pro-Lys-Lys-Gln-Arg-Leu-Ser)
ontains 3 amino acid substitutions compared with the
orresponding peptide from B. marinus, 8 substitutions
ompared with GLP-1 from R. catesbeiana, and between 4
nd 11 substitutions compared with the three GLP-1

1 Present address: Department of Biology, University of Missis-
ippi, University, MS 38677.

2 To whom correspondence and reprint requests should be ad-

iressed. Fax: (402) 280-2690. E-mail: jmconlon@creighton.edu.
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eptides identified in X. laevis proglucagon. GLP-2 was
ot identified in the extract of Ceratophrys pancreas. The
ata indicate that, despite its importance in the regula-
ion of glucose metabolism, the primary structure of
LP-1 has been very poorly conserved during evolution,

ven among a single order such as the Anura. r 1999

cademic Press

Although the amino acid sequence of insulin is
nown for more than 100 species of vertebrates, our
nowledge of the primary structures of insulins from
mphibia is very limited. Among the Anurans, insulin
as been characterized for the cane toad Bufo marinus
Bufonidae) (Conlon et al., 1998a), three species of the
amily Ranidae: the American bullfrog Rana catesbeiana
Conlon et al., 1998b), the European marsh frog Rana
idibunda (Conlon et al., 1998b), the North American
ood frog Rana sylvatica (Conlon et al., 1998b), and two
olecular forms from the South African clawed toad
enopus laevis (Pipidae) (Shuldiner et al., 1989). Simi-

arly, the structure of insulin has been determined for
nly two species of salamander, the three-toed am-
hiuma Amphiuma tridactylum (Caudata: Amphiumi-
ae) (Conlon et al., 1996) and the lesser siren Siren

ntermedia Le Conte (Caudata: Sirenidae) (Conlon et al.,
997), and for the caecilian Typhlonectes natans (Gymno-
hiona:Typhlonectidae) (Conlon et al., 1995).
The biosynthesis of proglucagon-derived peptides
n amphibia is less well understood than in mammals.
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n the pig pancreas, for example, proglucagon is
rocessed predominantly to glucagon and an unproc-
ssed peptide containing both the GLP-1 and the
LP-2 sequences, whereas in the pig intestine the
rohormone is processed primarily to proglucagon

1–69), GLP-(7–37) and/or GLP-1(7–36)amide, and
LP-2 (Orskov et al., 1986). Peptides whose amino acid

equences indicated structural similarity with mamma-
ian GLP-1(7–37) and GLP-2 were isolated, together

ith glucagon, from extracts of the pancreata of the
ullfrog R. catesbeiana (Pollock et al., 1988a) and the
mphiuma A. tridactylum (Cavanaugh et al., 1996) and
t has been shown that a single cloned cDNA encoding
reproglucagon from the clawed toad Xenopus laevis
ontains the sequence of three peptides with structural
imilarity to GLP-1(7–37) in addition to sequences
orresponding to mammalian glucagon and GLP-2
Irwin et al., 1997). In contrast, two proglucagon-
erived peptides with 32- and 37-amino acid residues
isplaying structural similarity to human GLP-1(7–37)
ere isolated together with glucagon from B. marinus
ancreas but a peptide corresponding to GLP-2 was
ot identified (Conlon et al., 1998a).
The Argentinean horned frog Ceratophrys ornata

Leptodactylidae) represents an interesting animal
odel with which to study the effects of nutritional

timuli and neuroendocrine peptides upon adaptation
f the gastrointestinal tract. The animal estivates under-
round for months during the dry season and then
eeds voraciously after emerging during the rainy
eason (Abe, 1995). Preliminary data indicate that, as
n the Burmese python Python molurus (Secor and
iamond, 1995, 1997a,b), feeding results in profound

nd rapid adaptive changes in the gastrointestinal tract
uch as increases in mucosal mass (3-fold), rates of
ntestinal nutrient uptake (5- to 10-fold), oxygen con-
umption rate (10-fold), and intestinal brush border
ligopeptidase activity (4-fold) (Secor and Diamond,
996). The role of neuroendocrine factors in mediating
hese changes is not understood and so our laborato-
ies have embarked upon a program of studies to
urify regulatory peptides from Ceratophrys gastroen-

eropancreatic tissues in order to investigate their
ossible involvement in the post-prandial responses.

n the present study, we describe the isolation and
haracterization of insulin, glucagon, and glucagon-

ike peptide-1 (GLP-1) from an extract of Ceratophyrs w

opyright r 1999 by Academic Press
ll rights of reproduction in any form reserved.
ancreas. The data provide further insight into the molecu-
ar evolution of the islet hormones within Amphibia.

ATERIALS AND METHODS

issue Extraction

Pancreatic tissue (1.2 g) from horned frogs (12 adult
pecimens of both sexes; 7 fasted) was homogenized
ith ethanol/0.7 M HCl (3:1 v/v; 30 ml) using a
aring blender and stirred for 2 h at 0°C as previously

escribed (Cavanaugh et al., 1996). After centrifugation
4000g for 30 min), ethanol was removed from the
upernatant under reduced pressure. After a further
entrifugation (4000g for 30 min), the extract was
umped at a flow rate of 2 ml/min through 4 Sep-Pak
-18 cartridges (Waters Associates, Milford, MA) con-
ected in series. Bound material was eluted with
cetonitrile/water/trifluoroacetic acid (70.0/29.9/0.1)
nd freeze-dried.

adioimmunoassay

Insulin-like immunoreactivity was measured using
n antiserum raised against pig insulin as previously
escribed (Flatt and Bailey, 1981). Glucagon-like immu-
oreactivity was measured with an antiserum directed
gainst the central region of porcine glucagon as
reviously described (Conlon and Thim, 1985).

urification of the Peptides

The pancreatic extract, after partial purification on
ep-Pak cartridges, was redissolved in 0.1% (v/v)
rifluoroacetic acid/water (5 ml) and injected onto a
3 25-cm Vydac 218TP510 C-18 reversed-phase HPLC

olumn (Separations Group, Hesperia, CA) equili-
rated with 0.1% (v/v) trifluoroacetic acid/water at a
ow rate of 2 ml/min. The concentration of acetonitrile

n the eluting solvent was raised to 21% over 10 min
nd to 49% over 60 min with linear gradients. Absor-
ance was measured at 214 nm and 280 nm and
ractions (1 min) were collected. The fractions desig-
ated I (containing insulin-like immunoreactivity) and
(containing glucagon-like immunoreactivity (Fig. 1)

ere rechromatographed on a 0.46 3 25-cm Vydac
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Insulin and Proglucagon-Derived Peptides from C. ornata 145
14TP54 C-4 reversed-phase HPLC column equili-
rated with acetonitrile/water/trifluoroacetic acid (21.0/
8.9/0.1) at a flow rate of 1.5 ml/min. The concentration of
cetonitrile in the eluting solvent was raised to 42% over
0 min using a linear gradient. Ceratophrys insulin, gluca-
on-36, and glucagon-29 were purified to near homogene-

ty, as assessed by peak symmetry, by chromatography on
0.46 3 25-cm Vydac 219TP54 phenyl column under the

ame conditions used for the C-4 column.
As radioimmunoassays for GLP-1 or GLP-2 were not

vailable in the laboratory, all fractions with retention
imes between 41 and 68 min from the semi-preparative
ydac C-18 column (Fig. 1) were individually chromato-
raphed on analytical Vydac C-4 and phenyl columns
nder the same experimental conditions used for the
urification of Ceratophrys glucagon. Purified peptides

hat were isolated in relatively high abundance were
ubjected to electrospray mass spectrometry.

tructural Characterization

Ceratophrys insulin (approximately 2 nmol) was

IG. 1. Reversed-phase HPLC of an extract of the pancreas of Cera
raction containing both insulin and glucagon-36, G denotes the fr
LP-1. (---) shows the concentration of acetonitrile in the eluting solv
ncubated for 3 h at room temperature with dithiothre- P
tol (2 mg) in 0.1 M Tris–HCl/6 M guanidine hydrochlo-
ide buffer, pH 7.5 (0.4 ml) under an atmosphere of
rgon. Cysteine residues were derivatized by addition
f 4-vinylpyridine (3 µl) and the pyridylethylated A-
nd B-chains of insulin were separated on a 0.46 3

5-cm Vydac 218TP54 C-4 column under the condi-
ions used for the purification of intact insulin (Fig. 2A).

The primary structures of the peptides were deter-
ined by automated Edman degradation using an
pplied Biosystems Model 471A sequenator modified

or on-line detection of phenylthiohydantoin amino
cids under gradient elution conditions. Electrospray
ass spectrometry was carried out using a Perkin–

lmer Sciex API 150EX single quadrupole instrument.
he accuracy of mass determinations was 60.02%.

ESULTS

urification of Ceratophrys Insulin and Glucagon

The tissue extract, after partial purification on Sep-

ornata after partial purification on Sep-Pak cartridges. I denotes the
containing glucagon-29, and GLP denotes the fraction containing
tophrys
action
ent.
ak cartridges, was chromatographed on a semi-

Copyright r 1999 by Academic Press
All rights of reproduction in any form reserved.
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reparative Vydac C-18 column and the elution profile
s shown in Fig. 1. The prominent peak designated I

as associated with both insulin-like immunoreactiv-
ty and glucagon-like immunoreactivity. Rechromatog-
aphy of this fraction on an analytical Vydac C-4

IG. 2. Purification by reversed-phase HPLC on an analytical Vyd
-36), (B) glucagon (peak G-29), and (C) GLP-1. The arrows show wh
olumn (Fig. 2A) revealed that the material was hetero- n

opyright r 1999 by Academic Press
ll rights of reproduction in any form reserved.
eneous and the insulin-like immunoreactivity was
ssociated with the major peak designated I and
elineated by the arrows and the glucagon-like immu-
oreactivity was associated with the early eluting peak
esignated G-36. Ceratophrys insulin was purified to

column of Ceratophrys (A) insulin (peak I) and glucagon-36 (peak
ak collection began and ended.
ac C-4
ear homogeneity (as assessed by symmetrical peak
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Insulin and Proglucagon-Derived Peptides from C. ornata 147
hape) by a final chromatography on a Vydac phenyl
olumn (Fig. 3A). The final yield of the pure peptide
as approximately 12 nmol. Glucagon-36 was purified

o apparent homogeneity under the same conditions of
hromatography (Fig. 3B) and the final yield of the
ure peptide was approximately 2 nmol.
After chromatography on a semi-preparative Vydac

-18 column (Fig. 1), the fraction designated G was
lso associated with glucagon-like immunoreactivity.
eratophrys glucagon-29 was purified to near homoge-
eity by successive chromatographies on analytical Vydac
-4 (Fig. 2B) and Vydac phenyl (Fig. 3C) columns and the
nal yield of pure material was 1.5 nmol.

urification of Ceratophrys GLP-1

The strategy employed to isolate Ceratophrys GLP-1
as based upon that used to isolate the corresponding
eptide from a extract of amphiuma pancreas (Cava-
augh et al., 1996) and involves purification to near
omogeneity of most of the components present in
ajor abundance that were eluted from a semiprepara-

ive C-18 HPLC column with a retention time between
1 and 68 min (Fig. 1). The peptides were subjected to
lectrospray mass spectrometry and those peptides

FIG. 2
ith a molecular mass between 3000 and 5000 D were a
dentified by amino acid sequence analysis. A total of
1 fractions (volume 2 ml) were individually chroma-
ographed on an analytical Vydac C-4 column under
he same conditions used for the purification of gluca-
on. Peaks of major abundance (a total of 17) were
echromatographed on an analytical Vydac phenyl
olumn and 19 peptides were isolated in pure form, as
ssessed by peak symmetry. Subsequent character-
zation of these peptides indicated that GLP-1 was
luted from the semipreparative C-18 column in the
raction designated GLP-1 (Fig. 1). The purification of
he peptide on the analytical C-4 (Fig. 2C) and phenyl
Fig. 3D) columns is shown. The final yield of pure
eratophrys GLP-1 was 4 nmol. Attempts to identify a
eptide with structural similarity to GLP-2 were unsuc-
essful.

tructural Characterization

The primary structures of the pyridylethylated A-
hains and B-chains of Ceratophrys insulin were deter-
ined by automated Edman degradation and the

esults are shown in Fig. 4. It was possible to identify
ithout ambiguity phenylthiohydantoin-coupled

inued
—Cont
mino acids for 21 cycles of operation of the sequena-

Copyright r 1999 by Academic Press
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or during sequence analysis of the A-chain and for 30
ycles during analysis of the B-chain. The proposed
mino acid sequence of Ceratophrys insulin was con-
rmed by electrospray mass spectrometry. The ob-
erved molecular mass of A-chain of Ceratophrys insu-

IG. 3. Purification by reversed-phase HPLC on an analytical
lucagon-29, and (D) GLP-1.
in was 2828.8 a.m.u. compared with a calculated a

opyright r 1999 by Academic Press
ll rights of reproduction in any form reserved.
verage mass of 2828.7 a.m.u. and the observed molecu-
ar mass of the B-chain was 3664.0 a.m.u. compared

ith a calculated average mass of 3664.1 a.m.u.
The primary structures of Ceratophrys glucagon-29,

lucagon-36, and GLP-1 were determined without

phenyl column of Ceratophrys (A) insulin, (B) glucagon-36, (C)
Vydac
mbiguity by automated Edman degradation (Fig. 4).
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Insulin and Proglucagon-Derived Peptides from C. ornata 149
he proposed structures were confirmed by electro-
pray mass spectrometry (glucagon-29: observed mo-
ecular mass 3468.1 a.m.u., calculated average mass
468.8 a.m.u.; glucagon-36: observed molecular mass
172.1 a.m.u., calculated average mass 4172.6 a.m.u.;
LP-1: observed molecular mass 4306.3 a.m.u., calcu-

FIG. 3
ated average mass 4306.9 a.m.u.). o
ISCUSSION

The amino acid sequences of the amphibian insulins
re compared with human insulin in Fig. 5. Ceratophrys
nsulin is identical in structure to the protein previ-

inued
usly isolated from B. marinus pancreas (Conlon et al.,

Copyright r 1999 by Academic Press
All rights of reproduction in any form reserved.
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998a). The genera Bufo and Ceratophrys are classified
ogether in the Neobatrachia (often referred to as the
‘higher’’ frogs). This group includes 95% of the known
pecies of frogs but phylogenetic relationships be-
ween the major lineages are not well resolved so that
he evolutionary connection between the Leptodactyli-
ae and the Bufonidae is unclear (Duellman and
rueb, 1994). Our data are consistent with the hypoth-
sis that the Leptodactylidae and the Bufonidae are
ore closely related to each other than either are to the
anidae but previous analysis has shown that the
mino acid sequence of insulin is not always a reliable
olecular marker with which to infer phylogenetic

elationships between species (Conlon, 1999).
The traditional view, based primarily on X-ray crys-

allographic data, is that the amino acid residues at
ositions B12, B16, B23–B26, A1–A5, A19, and A21 in

he insulin molecule comprise the receptor-binding

FIG. 4. Amino acid sequences of insulin, glucagon-29, glucagon-
omain (Baker et al., 1988). However, more recently, it t

opyright r 1999 by Academic Press
ll rights of reproduction in any form reserved.
as been proposed that the conformation adopted by
nsulin in the crystal structure is an inactive one and
herefore distinct from the receptor-binding conforma-
ion (Derewenda et al., 1991). The results of alanine-
canning mutagenesis studies (Kristensen et al., 1997)
ave suggested the alternative model in which the
eceptor-binding domain of human insulin consists of
ve residues (IleA2, ValA3, TyrA19, GlyB23, and Phe24)

orming a patch on the surface of the molecule, with
esidues LeuB6, GlyB8, LeuB11, GluB13, and PheB25,
lthough not part of the binding epitope, being impor-
ant in maintaining the overall receptor-binding confor-

ation. A comparison of the structures of the amphib-
an insulins supports this revised view as the data
ndicate that evolutionary pressure has acted to con-
erve all these residues, which are postulated to be
mportant in determining the receptor-binding confor-

ation of insulin, with the exception of the conserva-

glucagon-like peptide-1 from the horned frog Ceratophrys ornata.
36, and
ive substitution (Phe = Tyr) at B25. In contrast, resi-
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Insulin and Proglucagon-Derived Peptides from C. ornata 151
ues such as Gln at A5 and Asn at A21 that are
mportant in constituting and maintaining the crystal
tructure of insulin have not been conserved among
he amphibia. All the amphibian insulins, with the
xception of that from the caecilian, contain a histidine
esidue at position A8. This amino acid is postulated to
tabilize the receptor-binding conformation relative to
he inactive conformation (Derewenda et al., 1991),
hereby accounting for the observations that Bufo
Conlon et al., 1998a) and Xenopus (Shuldiner et al.,
989) insulins are appreciably more potent than hu-
an insulin in inhibiting the binding of radiolabeled

nsulin to the human insulin receptor.
The amino acid sequences of Ceratophrys glucagons

nd GLP-1 are compared with the corresponding
eptides from other amphibian species in Fig. 6.
onsistent with the observation that the primary

tructure of glucagon-29 has been very strongly con-
erved among tetrapods (Mommsen and Plisetskaya,
993), Ceratophrys glucagon is identical to Bufo gluca-
on (Conlon et al., 1998a) and to glucagon from the
ullfrog R. catesbeiana (Pollock et al., 1988a) and shows
nly one amino acid substitution (Thr29 = Ser) com-

IG. 5. A comparison of the primary structures of insulins from
pecies of Anura, Caudata, and Gymnophiona with human insulin.
g-) denotes residue identity.
ared with glucagons from the human and from
enopus (Irwin et al., 1997). The significance of the
-terminally extended glucagon (glucagon-36) iso-

ated in relatively high yield from Ceratophrys pancreas
s unclear. It is probable that this peptide is derived
rom the same preproglucagon as glucagon-29 by an
lternative pathway of post-translational process but
he possibility that more than one glucagon gene is
xpressed cannot be excluded. A 37-amino acid resi-
ue C-terminally extended glucagon, termed oxynto-
odulin, has been isolated from extracts of the small

ntestine of several mammals and is 10–20 times more
otent than glucagon in inhibiting pentagastrin-
timulated gastric acid secretion in the rat (Jarrousse et
l., 1985). However, oxnytomodulin is present in the
ancreata of mammals only in low concentration and,
s shown in Fig. 6, the C-terminally extended gluca-

IG. 6. A comparison of the primary structures of glucagon-29,
lucagon-36, and GLP-1 from species of Anura and Caudata with the
orresponding peptides from fish and with human oxyntomodulin
glucagon-37). (-) Denotes residue identity.
ons isolated from the pancreata of Ceratophrys, Rana

Copyright r 1999 by Academic Press
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Pollock et al., 1988a), and Bufo (Conlon et al., 1998a)
nd deduced from the nucleotide sequence of Xenopus
roglucagon (Irwin et al., 1997) show no structural
imilarity to oxyntomodulin in the C-terminal region.
n the other hand, C-terminally extended glucagons
ave been isolated from the pancreata of fish [the
lligator gar Lepisosteus spatula (Pollock et al., 1988b);

he Pacific ratfish Hydrolagus colleie (Conlon et al.,
987); and the tilapia Oreochromis nilotica (Nguyen et
l., 1995)] that resemble the frog peptides more closely
Fig. 6). The physiological role of these C-terminally
xtended glucagons in either fish or amphibia is
nknown.
In Ceratophrys pancreas, as in the pancreata of the

ane toad, bullfrog, and amphiuma, GLP-1 is stored in
he mature, fully processed form that corresponds to
uman intestinal GLP-1 (7–37). The data in Fig. 6
upport the previous assertion that the primary struc-
ure of GLP-1 has been very poorly conserved during
ertebrate evolution (Conlon et al., 1994). Ceratophrys
LP-1 shows closest structural similarity with the

7-amino acid residue form of Bufo GLP-1 (3 amino
cid substitutions) but contains 11 substitutions com-
ared with the corresponding peptide from Xenopus

GLP-1A) and 15 substitutions compared with GLP-1
rom the amphiuma. Among the nontetrapods, the
tructure of GLP-1 has been even more poorly con-
erved. Only three residues (Ala2, Asp9, and Leu26

orresponding to residues 8, 15, and 32 in human
LP-1) are found in the same position in all fish GLPs

Conlon et al., 1994). Several structure–activity studies
ave used alanine-scanning mutagenesis to demon-
trate that residues His7, Gly10, Tyr12, Thr13, Asp15, Tyr19,
lu21, Phe28, Ile29, and Leu32 in human GLP-1(7–

6)amide are important for high-affinity binding by
ells expressing the rat pancreatic GLP-1 receptor
Adelhorst et al., 1994; Gallwitz et al., 1994; Parker et al.,
998). The data in Fig. 6 indicate that residues at
ositions 7, 10, 13, 15, 28, and 32 have been conserved
uring the radiation of the amphibia but substitutions
re seen at positions 12, 19, 21, and 29.
In mammals, the truncated form of GLP-1 [GLP-1(7–

6)amide] is the most potent insulinotropic peptide yet
iscovered (Mojsov et al., 1987), whereas in fish the
eptide is not insulin releasing but stimulates hepatic
lycogenolysis and gluconeogenesis (Mommsen and

oon, 1989). The physiological role of GLP-1 in am- J

opyright r 1999 by Academic Press
ll rights of reproduction in any form reserved.
hibians is unknown. Preliminary data suggest that it
s reasonable to assume that amphibian pancreatic
slets also respond to human GLP-1(7–36)amide with
ncreased release of insulin (Mommsen and Moon,
994). Similarly, the GLP-related peptides from Bufo
ancreas produced concentration-dependent increases

n insulin release from glucose-responsive rat insuli-
oma-derived BRIN-BD11 cells (Conlon et al., 1998a)
nd synthetic replicates of the Xenopus GLP-1 peptides
timulated insulin release from the rat pancreas (Irwin
t al., 1997). Preliminary data indicate that human
LP-1(7–36)amide does not stimulate glycogenolysis

n frog hepatocytes (Mommsen and Moon, 1994).
A peptide with appreciable structural similarity to

ither human GLP-2 or to the GLP-2 peptides isolated
rom the pancreata of the bullfrog (Pollock et al., 1988a)
nd the amphiuma (Cavanaugh et al., 1996) was not
dentified in the extract of Ceratophrys pancreas despite
thorough search for the peptide using mass spectrom-
try. It has been demonstrated that cDNAs encoding
reproglucagons isolated from chicken and trout intes-

ines contain both the GLP-1 and the GLP-2 regions,
ut an alternative RNA splicing mechanism generates
preproglucagon mRNA in the pancreas that lacks the

egion encoding the GLP-2 sequence (Irwin and Wong,
995). It is possible, therefore, that the failure to detect
LP-2 in extracts of the pancreata of Ceratophrys and
ufo may be a consequence of the fact that the pancre-
tic proglucagon mRNA does not encode the GLP-2
egion. Nucleotide sequence analysis studies are re-
uired to test this hypothesis. In the light of the
bservation that GLP-2 may play a physiologically

mportant role as an intestinal trophic factor in mam-
als (Drucker et al., 1996), the peptide released from

he intestine may be involved in mediating the dra-
atic intestinal adaptive responses to feeding seen in
eratophrys (Secor and Diamond, 1996).
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