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Abstract

In mammals the glucagon and insulin superfamilies each
include a number of structurally-related hormones. The
origin of each superfamily has been the subject of debate for
many years resuiting in an hypothesis that each superfamily
arose from a single ancestral gene encoding a bioactive
molecule. During evolution of the vertebrates, this gene is
thought to have duplicated and changed to encode the existing
family members.

The glucagon superfamily is composed of nine members
that have similar intron/exon structure, amino acid sequences
and gene length. Two neuropeptides in this family, growth
hormone-releasing hormone (GRF) and pituitary adenylate
cyclase-activating polypeptide (PACAP) are of special
interest in this thesis. In addition to GRF and PACAP, the
superfamily is composed of vasoactive intestinal peptide
(VIP), peptide histidine methionine (PHM), secretin, glucose-
dependent insulin-inducing peptide (GIP), glucagon, and
glucagon-like peptide (GLP)-I and -ll. This thesis presents
nucleotide sequence data from a protochordate (tunicate;
Chelysoma productum), bony fish (catfish; Clarias
macrocephalus) and bird (chicken; Gallus domesticus) to help
in the interpretation of the evolutionary steps in the glucagon

superfamily.



Molecular biological techniques were used in isolating the
grf/pacap cDNA clones from tunicate, catfish and chicken and
the genes from tunicate and chicken. It was observed that
two family members, GRF and PACAP, are encoded by the same
gene in tunicate, catfish and chicken, unlike in mammals
where the two peptides are encoded by two separate genes.
Therefore, the duplication that gave rise to the two genes
must have occurred after the divergence of the
reptilian/avian lineage from the mammalian lineage about
250 million years ago. The tunicate, a sister group to
amphioxus and the vertebrates, but a taxon that evolved
before amphioxus, contains one distinct gene that encodes
GRF1.27/PACAP .27 and a second gene encoding glucagon;.
27/VIP1.07. These four peptides are short compared to their
counterparts in mammals, but the biologically active core is
present. The two tunicate cDNA clones have high nucleotide
sequence identity (80%) suggesting a recent gene duplication.
In addition, a partial gene was isolated for each cDNA. The
gene organization shows that GRF.27 and PACAP4.27 are each
on separate, but adjacent, exons in one gene; likewise
glucagoni.o7 and VIP1.27 are on separate exons in the second
gene. The degree of identity among the four exons suggests
that two tunicate genes resulted from an exon duplication
followed by a complete gene duplication. These data suggest
that two ancestral tunicate genes are the progenitors from

which the existing vertebrate superfamily arose.



The evolution of another group of peptides in the insulin
superfamily was investigated also. The presence of a distinct
insulin and insulin-like growth factor (IGF) within the
protochordates (tunicates) was demonstrated using molecular
techniques. This is the first report of a true insulin and IGF
from an invertebrate. The amino acid sequence of insulin in
tunicates is 64% identical to the amino acid sequence in
human insulin, whereas tunicate IGF is 59% identical to both
human IGF-I and IGF-ll. The tunicate clones encode amino
acids that have been shown in mammals to be essential for
receptor binding, for determination of tertiary structure and
for formation of disulfide linkages. Both mRNAs were found
to be expressed in the protochordate brain, neural gland, heart
and intestine by use of a reverse transcriptase/polymerase
chain reaction (RT/PCR). In situ analysis confirmed that the
insulin and igf mMRNA synthesis occurs in neurons of the
tunicate brain. The widespread expression pattern and high
sequence identity between tunicate insulin and IGF (87%) may
reflect their common origin.

It is clear that protochordates are a nodal point in the
evaluation of two important peptide superfamilies. At least
six hormones (GRF, PACAP, VIP, glucagon, insulin and IGF)
identified in mammals come from a 600 million year lineage
in which the peptides have become more distinct from each

other in primary structure, length and tissue location.
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CHAPTER 1

General introduction

In the middle of the last century, Claude Bernard proposed
that some organs function by releasing their products into the
circulation for transport to their effective destination (in:
Robin 1979). This idea initiated the search for and definition of
what we now refer to as hormones. Molecules of the classical
endocrine system are defined as molecules that are produced by
cells within a gland and/or organ and released into the
bloodstream. These molecules act on distant, usually well-
defined, target cells that express specific receptors either on
the cell surface or within the cell.

Present day knowledge of hormone actions show that the
targets and functions are far more varied than previously
suspected. The boundaries between one path of communication
and another are not concrete and some hormones may display
alternative actions at different points in the life cycle of an
organism, or even in different tissues. No longer are hormones
thought to be produced in a single distinct organ and have a
single function. Rather, hormones are now known to be produced
in tissues other than traditional endocrine organs. Hormones
may have roles during embryogenesis, growth and development

long before the traditional target organ is functional.



The synthesis of hormones outside of their traditional
production sites provided the first evidence for their changing
roles. The secretions of the pancreatic islets, the thyroid, the
adrenal and the pituitary were considered to be strictly-defined
hormones. However, in the last few decades it has become clear
that many hormones including glucagon, somatostatin and
insulin are produced outside the pancreas and
immunochistochemistry has been used to show their presence in
invertebrates that lack a pancreas. Other examples of hormones
that are produced in tissues external to the initial source
include: triiodothyronine (T3), which is found in the embryo long
before the onset of embryonic thyroid function (Evans 1982);
neurotransmitters and neuromodulators, which are present in
both the adrenal glands and the brain; and adrenocorticotropin
(ACTH) and growth hormone-releasing hormone (GRF), which are
produced not only in the pituitary and hypothalamus,
respectively, but are also produced in the placenta and gonads
(Campbell and Scanes 1992).

Most hormones (factors) associated with growth also appear
to be produced by tissues other than the traditional endocrine
glands; and originally, peptide growth factors were referred to
as "tissue" growth factors. For example, epidermal growth
factor (EGF) was found in the submaxillary gland (Carpenter and
Cohen 1979); insulin like-growth factors | and I (IGF-l and IGF-
[l) were extracted from the liver (Jones and Clemmons 1995);

and transforming growth factors (TGFs) were originally purified



from neoplastic cells (Sporn et al.1986). However, it soon
became evident that these particular growth factors were
produced in many other sites in both developing and fully
developed organisms. Therefore, one could speculate that a
growth factor synthesized by cells outside a specialized gland
is more likely to act on neighboring cells, thereby exhibiting a
paracrine mode of action. Such an action may be quite different
from its initial role of an endocrine agent in that it is not
released into the blood. A growth factor may also act on the
cell from which it is released, thereby acting in an autocrine
fashion. Thus, by finding the production of growth factors
outside the glands of traditional synthesis, we are discovering a

variety of "new roles" for "old hormones".
y

Growth factors may have different roles in embryo and
adult

One fascinating growth stage of vertebrates is
embryogenesis. During this period, most types of intercellular
communication are across small distances. Paracrine and
autocrine factors may be advantageous for the embryo because
their effects are short ranged and provide guidance for local
growth. The process of embryonic induction is beginning to be
understood as a result of the structural similarity of many
developmental factors to known adult forms of the same growth
factors. Perhaps the only difference between a substance used

both as an embryonic inducer and an adult hormone is that in the



earlier case it is used in a very localized manner, such as in a
gradient pattern, and in the latter situation it is distributed
throughout the organism via the blood (i.e. IGF-Il has
differential expression and function in the embryo and adult).

It is worth emphasizing that hormones expressed not only
early in embryogenesis, but also during fetal and adult life, may
have a functional role and mode of action that changes as the
organism develops. One can envision that a multifunctional
peptide may act early in life either by paracrine, autocrine
and/or juxtacrine modes to influence differentiation and
growth, whereas later, its function may change to an endocrine
function regulating metabolic steps. Comparative studies
provide answers as to the origin of hormones, mechanisms of
cellular interactions and functional adaptations that may be
replicated in mammals. Observing hormones and growth factors
from the point of view of both ontogeny and phylogeny gives
scientists the best chance to understand the complexities of a

full grown, functioning organism.

Growth factors have novel roles and nontraditional
origins

Our view of growth factors has evolved considerably in the
last few years. We have found that growth factors initially
thought to be produced in one specific organ may in fact be
produced in many other tissues and, in some cases, their

functions are different in the new sites of production. This is



demonstrated by the human parathyroid hormone-related peptide
(PTHrP) (Vasavada et al. 1993). Initially, the PTHrP and its
cDNA were isolated from malignant tumors associated with the
syndrome of humoral hypercalcemia of malignancy. However,
PTHrP bears similarity to the parathyroid hormone (PTH)
sequence and is believed to have arisen from a gene duplication.
Initially, native PTHrP was shown to be produced from the
parathyroid chief cell, but it soon became evident that PTHrP
was produced also in a wide variety of cells and tissues such as
the epidermis, central nervous tissue, and preterm myometrium.
Thus, the role of PTHrP may change from one tissue to another.
Within the parathyroid and epidermis, PTHrP appears to regulate
calcium translocation, whereas in the lactating breast PTHrP
affects calcium signaling (Vasavada et al. 1993). All actions
appear to occur through the same receptor. However, the cell
specific response is determined by the cell type to which PTHrP
binds. The two actions of one growth factor are determined by
the intracellular pathways of the cells involved. These steps

are controlled by many factors.

One growth factor is growth hormone-releasing factor
(GRF)

The central nervous system (CNS) and the environment
interact directly and indirectly to affect the rate of growth of

an organism. Although there are many factors that stimulate



growth, the CNS is the primary initiator of the growth cascade
and subsequent maturation of the organism.

In 1960 Seymour Reichlin provided early evidence that the
brain was responsible for the control of growth. His evidence
that rats with hypothalamic lesions grew less well than the
control animals led him to conclude that a factor within the
brain controlled growth (Reichlin 1960q,b). Then, in 1964 rat
hypothalamic extracts were shown to contain a substance that
specifically causes the release of growth hormone from rat
pituitary cells in vitro (Deuben and Meites 1964); this evidence
of a growth hormone-releasing factor (GRF) initiated the search
to isolate the hypothalamic releasing factor. Initially, several
different groups isolated and partially purified a growth
hormone-releasing hormone, but an amino acid sequence was not
determined (Dhariwal et al. 1965: Frohman et al. 1971; Schally
et al. 1971; Stachura et al. 1972). It was not until 1982 that
the primary sequence of growth hormone-releasing factor was
determined almost simultaneously by two groups (Guillemin et
al. 1982; Rivier et al. 1982).

Vertebrates contain distinct GRF peptides

Approximately 14 years have passed since a growth hormone-
releasing factor (GRF) was isolated and sequenced from a human
pancreatic tumour. Rivier and co-workers (1982) found a 40-
amino-acid GRF peptide with a free carboxy terminus within

their tumour extract. [n addition to a 40-amino-acid form,



Guillemin et al. (1982) found a 44-amino-acid, amidated GRF
peptide as well as a 37-amino-acid peptide from a different
single pancreatic tumour. In 1984 the hypothalamic form of GRF
was sequenced and found to be identical to the pancreatic
tumour sequence (Ling et al. 1984). In the subsequent years, the
primary sequence of GRF from 12 vertebrate species has been
identified. These 12 GRF sequences are from the human, rat
(Speiss et al. 1983), mouse (Frohman et al. 1989; Suhr et al.
1989), hamster (Ono et al. 1994), cow, goat (Esch et al. 1983;
Brazeau et al. 1984), sheep (Brazeau et al. 1984), pig (Bbéhlen et
al. 1983), carp (Vaughan et al. 1992), salmon (Parker et al.
1993), catfish (McRory et al. 1995) and chicken (McRory et al.
1996). The peptide structures were determined by either
isolating and sequencing the peptide or by deducing the amino
acids from isolated cDNA or genomic clones. Of the 12 GRF
sequences known, the peptide was purified by protein chemistry
from 7 of the species and was deduced from the cDNA or gene
sequence for the human, rat, mouse, chicken (Chapter 2), salmon

and catfish (Chapter 4).

GRF peptides have distinct functions and locations
GRF directly stimulates growth hormone release through a
distinct GRF receptor. The release of GH has been studied in a
wide variety of mammals such as human, goat, rat and mouse.
In addition, the effectiveness of mammalian GRF to release GH

has been investigated in a number of nonmammalian species.



Human GRF has been shown to stimulate GH release in birds
(Scanes and Harvey 1984), amphibians (Rana perezi) (Malagon et
al. 1991), goldfish (Peter et al. 1984) and rainbow trout (Luo
and McKeown 1989). Rat GRF stimulated GH secretion from
hatchling and adult turtle pituitaries in vitro (Denver and Licht
1989; Denver and Licht 1991). Marchant and Peter (1989)
observed that other neuropeptides such as gonadotropin-
releasing hormone (GnRH) act as potent GH-releasing factors in
goldfish. This observation casts some doubt on whether
teleosts have a specific GRF. However, the isolation and
sequencing of carp GRF showed that nonmammalian vertebrates
(teleosts) do have a native GRF. Synthetic carp GRF, like its
mammalian counterparts, potentiates the release of pituitary

GH in vitro (Vaughan et al. 1992) .

GRF is expressed in extrahypothalamic tissues

The biological role of GRF at one level is centered around the
release of GH. Immunoreactive GRF also has been observed in
the placenta (Baird et al. 1985; Meigan et al. 1988) and, to a
lesser extent, in the gastrointestinal tract, pancreas and
adrenal (Christophe 1993). The identity and role of these extra-
hypothalamic GRF-like peptides is somewhat controversial.
Within the placenta, both high and low molecular weight GRF-
immunoreactive peptides have been detected (Baird et al. 1985;
Meigan et al. 1988). The low molecular weight placental GRF-
like peptide co-eluted on the HPLC with hypothalamic GRF1.430u4



providing indirect evidence that the structures are identical.
Direct evidence that the placental GRF peptide structure is
identical to the hypothalamic form was obtained by isolation of
the grf cDNA from the placenta. Placental GRF appears to have
an expression pattern that is developmentally regulated during
gestation as placental grf mRNA is abundant from mid-
pregnancy to birth (Suhr et al. 1989). It is interesting that
along with the high grf mRNA levels in the placenta are elevated
gh mRNA levels in the fetal pituitary. This occurs at a stage of
development when neither the pituitary nor the median
eminence portal capillaries have developed. This has led
researchers to believe that fetal GH is under extrahypothalamic
control, perhaps placental GRF.

GRF may also be involved in reproduction, by an autocrine,
paracrine and/or endocrine path. GRF has been reported in
human Leydig cells (Moretti et al. 1990), human ovary (Moretti
et al. 1990; Bagnato ef al. 1992), human follicular fluid (Moretti
et al. 1989) and catfish and chicken ovary and testis (McRory et
al. 1995; McRory et al. 1996). As in the placenta, the GRF
peptide in the gonads is identical to the hypothalamic form. The
mammalian grf mRNAs produced in the testis and ovary are a
similar size, approximately 1750bp, but are significantly larger
than the 700bp hypothalamic form. This increase in mRNA size
is due to the extended 5'- and 3'-untranslated regions, the

function of which is unknown.



The regulation of the GRF gene in the gonads may not be the
same as in the brain. There is evidence that the testicular grf
mRNA transcript is under the control of a gene promoter located
about 10Kb upstream of the transcription start site (Berry and
Pescovitz 1988). One function for GRF is the control of
foilicular maturation. Within the ovary, GRF has been shown to
bind to rat granulosa cells and stimulate FSH-induced cAMP
production and cell proliferation (Moretti et al. 1990). GRF also
stimulates bovine granulosa cell proliferation, but does not
affect progesterone production in vitro (Spicer and Stewart
1996). Therefore, the gonadal grf gene may be under the control
of a different promoter and the different mRNA lengths may
represent another example of tissue-specific regulation. This
implies that gonadal grf mRNA is transcribed independently

from the hypothalamic and placental grf mRNA.

Pituitary Adenylate Cyclase-Activating Polypeptide
(PACAP) is a neuropeptide related to GRF

An unexpected discovery in mammals was the presence of a
peptide structurally related to GRF. This peptide was named
pituitary adenylate cyclase-activating polypeptide (PACAP)
because of its ability to stimulate adenylate cyclase and hence
increase cAMP in pituitary cell cultures. In 1989 Miyata
isolated and purified a 38-amino-acid form of PACAP from
sheep hypothalami. In the following year another shorter form

encoding 27 amino acids was found to be identical in

10
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comparison to the first 27 amino acids of PACAP.3g (Miyata et
al. 1990). To date, a cDNA encoding PACAP has been isolated
from human (Kimura et al. 1990; Ohkuba et al. 1992), sheep
(Kimura et al. 1990), rat (Ogi et al. 1990), chicken (McRory et al.
1996), salmon (Parker et al. 1993) and catfish (McRory et al.
1995) brains. The gene encoding PACAP has been isolated from
human (Hosoya et al. 1992), chicken (McRory et al. 1996) and
salmon (Parker et al 1996).

The location and effects of PACAP suggest that one function
is to stimulate release of pituitary hormones. PACAP
immunoreactive fibers have been detected in the supraoptic and
paraventricular nuclei and in both the external and internal
zones of the median eminence (Koves et al. 1991). In vitro
studies showed that PACAP caused an increase in the release of
not only GH, but also of several other pituitary hormones (Hart
et al. 1992). This effect may result from the action of PACAP
to stimulate the accumulation of intracellular cyclic AMP from
dispersed rat anterior pituitary cells (Propato-Mussafiri et al.
1992). Also, PACAP stimulated GH and PRL release from GHgs
tumour cells (Propato-Mussafiri et al. 1992) and enhanced the
effect of gonadotropin-releasing hormone on LH release (Culler
and Paschall, 1991). PACAP receptors in the pituitary are
specific for PACAP and are distinct from those for GRF. It is
PACAP type |l receptors that bind PACAP on both somatotrophs
and gonadotrophs (Murakami et al. 1995).



PACAP has an extrahypothalamic location and role
PACAP is assumed to have functions outside of the pituitary
because it is detected by antisera in many locations: brain,
testis, ovary, adrenal, pancreas, gastrointestinal tract, and
respiratory tract (Koves et al. 1990; Gottschall et al. 1990;
Uddman et al. 1991; Arimura 1992). In addition to the role of
PACAP as a releaser of pituitary hormones, evidence suggests
that PACAP acts as an early growth factor during development.
PACAP has been shown to promote neuroblast growth in the
cerebral cortex, cerebellar granule cells and sympathetic
ganglia of fetal mice (DiCicco-Bloom 1992). Further evidence
that PACAP is a potential growth factor is based on the
following evidence: PACAP promotes proliferation of mouse
primordial germ cells (Pesce et al. 1996); PACAP is produced in
specific tumour cells; PACAP receptors are detected on human
glial cell tumours (Robberecht et al. 1994); and PACAP, like
GRF, is expressed early in rat brain development with levels

peaking at birth (Masuo et al. 1994).

PACAP and GRF are members of the glucagon
superfamily

The glucagon superfamily includes several families of
peptides isolated from a wide assortment of animals. The
family members found in humans are glucagon (Thomsen et al.
1972), secretin (Carlquist et al. 1985), vasoactive intestinal

peptide (VIP) (ltoh et al. 1983), glucose-dependent insulin-
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inducing peptide (GIP) (Brown and Dryburgh 1971) and pituitary
adenylate cyclase-activating polypeptide (PACAP) (Miyata et al
1989) (Fig 1.1). The genes of the superfamily members all have
similar intron/exon structure and encode similar amino acid
sequences. GRF and PACAP are two neuropeptides of the
glucagon superfamily that stimulate the release of pituitary GH.
In mammals PACAP and PACAP-related peptide (PRP) are
encoded on one gene, whereas GRF is on a separate gene. In
nonmammalian vertebrates a gene encoding GRF alone has not
been identified. Rather, GRF, the major candidate for the
release of mammalian GH within mammalian systems, appears

to be encoded in the PACAP gene in birds (McRory et al. 1996)
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Figure 1.1: Schematic diagram of nine human glucagon
superfamily members. The exons are shown by boxes and the
introns are shown by lines. The bioactive peptide products of
each gene are shown by a black box. In two genes, there is more
than one bioactive product; PHM is encoded on the exon
immediately 5' to the VIP exon and glucagon-like peptides are
encoded on the exons 3' to glucagon (cross hatch). The cryptic
peptide exons are shown by a box with vertical lines. The exons
encoding 5' and 3'-untranslated regions are white boxes and the
signal peptide exons have a star in the box. The arrow indicates

the stop codon to signal the end of translation.
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and fish (Parker et al. 1993; McRory et al. 1995).

Insulin belongs in its own superfamily

Another hormone family that is present in all vertebrates and
is essential for growth and metabolism is the insulin
superfamily consisting of insulin, insulin-like growth factor-I
(IGF-1) and IGF-ll (Figure 1.2). The structure of the insulin
molecule has been highly conserved during vertebrate evolution
(Chance et al. 1968; Blundell et al. 1975; Cutfield et al. 1979;
Chan et al. 1981; Bajaj et al. 1983; Pollack et al. 1987). At the
present time the primary sequence of insulin from over 50
vertebrate species is known. In addition, the sequence of the
preproinsulin gene and cDNA from over 40 species has been
determined (Genbank database).

Insulin is one of the key hormonal integrators of growth and
metabolism and plays a similar role in all vertebrates. In the
absence of insulin, severe metabolic imbalances occur because
of the failure of many cells in the body to utilize glucose and
amino acids normally. In humans the inability to metabolize
glucose leads to diabetes mellitus associated with glucosuria,
ketonuria, growth arrest, and a negative nitrogen balance. This
ultimately leads to death from acute metabolic acidosis. Hence,
the classic description of the body "melting down into urine"
describes an acute condition of diabetes.

The discovery of insulin by Banting and Best in 1922 provided

the first and only means to treat diabetes. In addition, insulin
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Figure 1.2: Schematic for the gene structure of amphioxus
insulin-like peptide, human insulin, insulin-like growth factor-l
and insulin-like growth factor-ll. Boxes with a question mark
indicate a sequence was not found but a sequence is speculated
to exist. Other regions are designated B, C, A, D, and E for their
respective portion of each peptide. Boxes with diagonal lines

indicate 5' and 3' untranslated regions.
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was the first protein whose complete primary structure became
known. Indeed identification of amino acid sequence
substitutions in the molecule from different species helped to
lay the conceptual foundations for the genetic code and for the
molecular basis of evolution (Sanger, 1959).

The 6000 Dalton insulin molecule consists of two short
peptide chains linked by two disulfide bridges. In almost all
tetrapods the A chain is 21 amino acids in length and the B
chain is 30 amino acids in length. The two chain hormone is
derived from an intermediate precursor, proinsulin, which
consists of the B and A chains linked to a connecting peptide,
known as the C-peptide by adjacent pairs of dibasic residues.
However, the initial translation product of the insulin mRNA is
preproinsulin, which contains a N-terminal signal peptide of 24
amino acids in addition to the proinsulin. Preproinsulin is
synthesized in the pancreatic B cells located within the cell
clusters known as the islets of Langerhans, which are dispersed
throughout the pancreas in most vertebrates. A rapid cleavage
of preproinsulin to proinsulin occurs in the rough endoplasmic
reticulum (Palzelt et al. 1978), and fully folded, oxidized
proinsulin is transported to the Golgi where it is packaged into
storage granules along with a converting protease (Steiner et al.
1984). During the formation and maturation of the secretion
granules, proinsulin is cleaved to liberate insulin and the C-
peptide. The conversion process is not completely efficient

because a small amount of proinsulin (about 1-2%) can be
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detected in plasma extracts of several different species
(Chance et al. 1968; Melani et al. 1970; Nolan et al. 1971).
Insulin is stored in secretion granules and is liberated by
several stimuli, although glucose is a predominant factor
(Hedeskov 1980). Glucose not only stimulates the Ca2+-
dependent release of stored insulin, but also increases the
synthesis of insulin mMRNA (Neilsen et al. 1985; Mommsen and

Plisetskaya 1991).

Insulin-like growth factor is also a member of the
insulin superfamily

IGF-l is important for proper animal growth, tissue
development, and differentiation (Jones and Clemmons 1995;
Daughaday and Rotwein 1989; Froesch et al. 1985). IGF-I
belongs to the insulin superfamily which includes insulin and
IGF-1l in a narrow sense, but includes relaxin, molluscan
insulin-related hormone, and insect prothoracicotropic hormone
in the broader sense. The release of IGF-I predominantly from
the liver is mainly under the control of pituitary GH, as
evidenced by an increased number of IGF-| transcripts in the
liver and other tissues after administration of GH (Bichell et al.
1992; Foyt et al. 1992). It is IGF-l rather than GH that is
thought to promote cell division and differentiation in
extrahepatic tissues (Romagnolo et al. 1992). The igf-/ cDNA
sequence has been reported from a variety of animals including

human (Jansen et al. 1983), rat (Casella et al. 1987; Murphy et



al. 1987), pig (Tavakkol et al. 1988), cow (Wong et al. 1989;
Francis et al. 1988), chicken (Kajimoto and Rotwein 1989), frog
(Kajimoto and Rotwein 1990), trout (Shamblott and Chen 1992),
coho salmon (Cao et al. 1989; Duguay et al. 1992), chinook
salmon (Wallis and Devlin 1993) and hagfish (Nagmatsu et al.
1991). Also, amphioxus has a cDNA sequence similar to both
insulin and IGF-1l, and thus may be ancestral to both peptides
(Chan et al. 1990). The sequence identity of IGF-I among all
species examined is very high; the identity between the human
IGF-| protein sequence and that of salmon (Cao et al. 1989;
Duguay et al. 1992), frog (Kajimoto and Rotwein 1989), and
chicken (Kajimoto and Rotwein 1990) is 80%, 81% and 86%,
respectively. Within mammals and lower vertebrates, IGF-| is
produced predominately in the liver, but lower concentrations
are found in muscle, spleen, fat, heart, testis, brain and kidney.
To date, only hagfish have IGF-l expression that is limited to

the liver (Nagamatsu et al. 1991).

IGF may be a nervous system growth factor

In addition to the role of IGF-I in the growth of tissue, IGF-I
is believed to be important in the growth and development of
the central nervous system (CNS). It is not known if IGF-I acts
on the brain in an autocrine and/or paracrine manner or crosses
the blood-brain barrier to act as an endocrine agent. Roles such
as regulating neuronal and glial function (Baskin et al.1988),

acting as a neurotrophic factor (Schwartz et al. 1992) and
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modulating synaptic transmission (Schwartz et al. 1992) have
been reported. Both full length and truncated forms of IGF-I
have been purified from human fetal brain tissue (Sara et al.
1986). The truncated form of human fetal brain IGF-I, which
lacks the first three amino acids, also has been isolated from
porcine uterus (Ogasawara et al. 1989) and bovine colostrum
(Francis et al. 1988); all have an amino acid sequence identical
with the human liver form. The tripeptide Gly-Pro-Glu, which
originates from the N-terminal of the intact IGF-I peptide, is a
product of post-translational processing and functions within
the CNS (Sara et al. 1986). Compared to the full length
molecule, the truncated IGF-| lacking the tripeptide is 5-10
times more potent in its ability to stimulate DNA and protein
synthesis and in competing for binding sites on the brain
membrane (Sara et al. 1989). It has been suggested that the
tripeptide itself may act as a neuroactive peptide because it
has a potent stimulatory action on the release of acetylcholine

(Sara et al. 1989).

Rationale

The research in my thesis addresses several major questions
related to the molecular evolution of hormones. The first
question concerns the evolutionary origin of specific hormones.
Are specific hormones present only in vertebrates or are they
also present in invertebrates? What is the oldest phylogenetic

group where a specific hormone can be identified? The second
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question is the mechanism by which hormone evolution occurred.
Has a hormone family expanded in number in more recently
evolved species and is the mechanism by exon and/or gene
duplication? Are base substitutions or changes in exon/intron
boundaries important? How rapid and stable are the changes?
The third question concerns the evolution of the biological
function. This is a broad and difficult question. My research
strategy is to simply ask what portion of the known biologically
active core of the hormone is conserved in evolution. The fourth
question concerns whether an evolutionary change occurs in the
tissue where the mRNA for a specific hormone is expressed.
Are hormones expressed in many tissues in phylogenetically
older animals? Does regulation of the control of expression
increase in recently evolved animals? Are there novel tissues
of expression that have been overiooked because we thought
that each hormone would be expressed in a single organ?
Finally, my research addresses the idea that some hormones
may have novel functions. | specifically examine whether brain
hormones that are known to release hormones from the pituitary
gland may also have a role in the early development of the brain.
The second and third chapters of my thesis are an
examination of the grf/pacap gene structure as an indication of
where the pacap gene duplicated to encode two distinct genes,
one encoding GRF and the other PACAP. To investigate this
aspect of my thesis, | studied the grf/pacap gene expression in

chicken tissues. Both GRF and PACAP are still encoded on the
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same gene. However, expression of the chicken gene proved
interesting because the gene undergoes exon sliding and
skipping. Alternative expression of the mRNA in embryos and
adults results in up to three different GRF peptides and one
PACAP from the single gene. The observation that the two
peptides PACAP and GRF are encoded on the same gene in birds
suggests the gene duplication that gave rise to independent
pacap and grf genes occurred in an ancestral mammalian lineage.

The fourth chapter of my thesis concerns the identification
of the DNA that encodes GRF and PACAP in fish The Thai catfish
grf/pacap cDNA shows the same gene organization as the
chicken cDNA in which both GRF and PACAP are expressed in one
gene. In addition to isolating the cDNA, | determined that tissue
expression for the mRNA is in the testis, ovary, and intestine.
This expression pattern is similar to the 2 mammalian and avian
genes.

The fifth chapter of my thesis concerns isolating and
sequencing two cDNAs from the tunicate. The first cDNA
encoding tunicate PACAP{.27 had 96% amino acid identity with
all PACAP peptides, except chicken. This cDNA also encoded a
GRF-like peptide with 59% amino acid identity with human GRF.
The other clone was similar in nucleotide sequence to the
grf/pacap cDNA, but encoded different peptides whose identity
and exon location suggested that both glucagon and VIP are the
result of a gene duplication. However, the timing of this

duplication event is unknown.



In the sixth and seventh chapters of my thesis, | determined
the sequence and tissue expression of hormones that are
members of another superfamily. Chapter six of the thesis
concerns isolating, sequencing and determining the expression
of two different igf-l cDNAs from the Thai catfish (Clarias
macrocephalus) and chapter seven concerns insulin and IGF from
a protochordate (Chelyosoma productum). One form of IGF was
unique because its expression was restricted to the brain,
unlike the ubiquitous IGF that is expressed predominately in the
liver and to a lesser extent in most other tissues. Isolation of
the catfish brain-specific IGF was serendipitous, but exciting
because expression of igf mMRNA specifically within the CNS has
never been shown. Brain-specific IGF supports the idea that IGF
may be involved in the maintenance and growth of the nervous
system.

Insulin and IGF have been flagships for understanding the
structure of peptide hormones and their genes. | decided to
investigate the presence of insulin and IGF in the
protochordates (tunicates) because they are a sister group of
the present day chordates who last shared a common ancestor
about 600 million years ago. It is commonly believed that an
ancient neotenous relative of tunicates gave rise to a chordate
ancestor. Tunicates, because of their position on the
evolutionary scale, provide a excellent organism in which to
investigate the origin of insulin and IGF. | isolated from

tunicate and sequenced two cDNAs encoding distinct insulin and



IGF. This result was unexpected because previous research
showed a single hybrid insulin/igf cDNA was present in
amphioxus, another sister group to the chordates, but one that
evolved after the tunicates. My finding of a distinct insulin and
IGF in a tunicate suggests that the ancestry of this superfamily
precedes the vertebrates. Thus, the amphioxus insulin-like
peptide is not the ancestor to both insulin and IGF but rather is
most likely an IGF and suggests the amphioxus insulin exists but
has not been isolated.

It is now evident that protochordates encode hormones that
have sequence and structural identity to their mammalian
counterparts. | have isolated and sequenced 4 tunicate cDNAs
from two different hormone superfamilies that potentially
encode six different peptides. With such a high degree of
identity, it is obvious that the glucagon and insulin gene
superfamilies precede the tunicates by a much longer time

interval than previously thought.
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CHAPTER 2

Gene organization and expression of a chicken gene
encoding both growth hormone-releasing hormone (GRF)
and pituitary adenylate cyclase-activating polypeptide

(PACAP).

A version of this chapter has been accepted by DNA and Cell
Biology for publication: Expression and alternative processing
of a chicken gene encoding both growth hormone-releasing
hormone (GRF) and pituitary adenylate cyclase-activating
polypeptide (PACAP), John E. McRory, Robin L. Parker and Nancy
M. Sherwood
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Summary

The chicken growth hormone-releasing factor (grf) gene was
isolated, sequenced and characterized. [n addition, three
different mMRNAs were isolated from juvenile and adult brain.
The first cDNA encoded GRF.45, the second cDNA encoded
GRF,.43 due to a sliding intron-exon boundary and the third cDNA
skipped exon four and encoded GRF33.46. We also determined
that juvenile chicken grf/oacap mRNA is expressed in the brain
and gonads, but not in the pituitary, heart, liver, kidney, crop,
small intestine, large intestine, eye, and muscle. This gene is
interesting in terms of evolution because another neuropeptide,
pituitary adenylate cyclase-activating polypeptide (PACAP) is
encoded within the same grf gene in chicken, but on different
genes in mammals. We showed that these 2 neuropeptides are
encoded also in the same cDNA in fish (chapter 4). The present
evidence from chicken suggests a grf/pacap gene duplication

may have occurred in stem mammals.
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Introduction

Growth hormone-releasing hormone (GRF) and pituitary
adenylate cyclase-activating polypeptide (PACAP), two
members of the glucagon superfamily, are neuropeptides that
stimulate the release of pituitary growth hormone (GH). In
mammals, PACAP and PACAP-related peptide (PRP) are encoded
on one gene, whereas GRF is on a separate gene. In
nonmammalian vertebrates a gene encoding only GRF has never
been identified. Rather, GRF, the major candidate for the
release of mammalian GH within mammalian systems, appears
to be encoded in the pacap gene, at least in fish (Parker et al.
1993; McRory et al. 1995).

The location and physiological role of PACAP are diverse and
not fully understood (Rawlings and Hezareh 1996). Recent
studies report that PACAP caused an increase in the release of
GH, adrenocorticotropic hormone (ACTH) and luteinizing hormone
(LH) (Hart et al. 1992). Further studies with cultured cells
showed that PACAP stimulated follicle stimulating hormone
(FSH) and melanocyte stimulating hormone (x-MSH) secretion
from pituitary cells, GH and prolactin (PRL) from GHg3 tumour
cells (Propato-Mussafiri et al. 1992) and enhanced the effect of
gonadotropin-releasing hormone (GnRH) on LH and FSH release
from rat anterior pituitary cells (Culler and Paschall 1991).
PACAP receptors in the pituitary are distinct from those of GRF;
PACAP binds to somatotrophs and gonadotrophs via PACAP type

Il receptors (Murakami et al. 1995).



Although a chicken GRF has never been reported, human GRF
has been shown to initiate the release of GH from the pituitary
of chicken (Scanes and Harvey 1984), turtle (Denver and Licht
1989, 1991), frog (Malagon et al. 1991), goldfish (Peter et al.
1984), and rainbow trout (Luo and McKeown 1989; Luo et al.
1990). In vitro, rat and human GRF stimulate GH release from
both rat (Rivier et al. 1982; Vale et al. 1983) and chicken
pituitary cells (Perez et al. 1987).* However, there is still
controversy as to how avian GH release is controlled.

Many factors influence the release of GH from the avian
pituitary. Thyrotropin-releasing hormone (TRH) appears to be
physiologically important as a GH-releasing factor in birds
(Harvey 1990). TRH is a modified tripeptide which, in addition
to stimulating release of thyrotropin, has been shown to
influence GH release in mammals, birds, fish, reptiles, and
amphibians. Among vertebrates, the effect of TRH on GH release
varies depending on species and physiological condition. For
instance, TRH has been shown to stimulate GH release in
hypothyroid rats and in many human pathological conditions.
However, TRH did not affect GH release in healthy individuals
(Guisti et al. 1986). Although TRH has little effect on conscious
adult birds, it has been shown to stimulate GH release in
immature and anaesthetized birds (Harvey 1990). Whereas TRH
may play a role in stimulating GH release in birds, evidence
indicates that regulation of GH release in birds is, in fact,

similar to that in other vertebrates. For instance, rat and



human GHRH stimulate GH release from both rat pituitary cells
(Rivier et al. 1982) and chicken pituitary cells (Perez et al.
1987). The release of GH from chicken pituitary cells was
enhanced by the presence of dibutyryl cAMP, suggesting that
cAMP acts as a second messenger in avian GH release, just as it
does in mammals. These findings provide support for the
presence of both GRF receptors on chicken pituitary
somatotrophic cells and for a GRF molecule in the chicken brain.
To investigate the physiological roles of GRF and PACAP in
the chicken, we isolated and sequenced the chicken grf/pacap
gene and three different cDNAs. To determine the tissue
distribution of grf/pacap mRNA, we used tissues from juvenile
chickens; the tissues included brain, gonads, pituitary, heart,
liver, kidney, crop, small intestine, large intestine, eye, and
muscle. Exon sliding and exon skipping were analyzed by
reverse transcriptase/polymerase chain reaction (RT/PCR) and

subsequent sequencing of the isolated PCR products.
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Materials and Methods

Identification of cDNA and gene using PCR

Chicken (Gallus domesticus) brains were removed, placed
immediately in liquid nitrogen and stored at -80°C. Total RNA
was extracted with an acidic guanidinium thiocyanate method
(Chomczynski and Sacchi 1987), followed by purification of poly
A+ rich mRNA on two consecutive oligo dTq2.1g columns. Single
stranded cDNA was synthesized with 10ug poly A+ rich mRNA,
2mM oligo dT2q (primer E), 5 X Superscript buffer, 2mM dNTP,
10mM DTT, 5U RNA guard (Pharmacia), and 200 U RT Superscript
(BRL) to a final volume of 25ul. The reaction was heated to
42°C for 1.25hr and terminated by increasing the temperature to
95°C for 10 min.

Amplification was performed in a 50ul volume with 0.2ug
cDNA, 5U Taq, 1x Taq buffer (Promega), 200mM dNTP's, 2.5mM
MgCl,, and 20 pmol of primers D (PA-1) (5'-catgtttggacagaacaca
acgtgagcg) and F (3'-PA) (5'-cattcggatgggatcttcacggatag). The
reaction was carried out for 35 cycles at 94°C for 1 min, 45°C
for 1.5 min, 72°C for 1.5 min and for a 5.3 min extension at
72°C. Amplified bands were cloned into pBluescript KS+
(Stratagene), electroporated into XL-1 competent cells, and
prepared for sequencing with an alkaline hydrolysis method
(Birnboim 1983). Both strands were sequenced with [x-35S]

dATP using the USB Sequenase chain termination method (Sanger
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et al. 1977) and CircumVent thermal cycle sequencing kit. (New
England Biolabs). All sequencing gels were 6%
polyacrylamide/7M urea wedge gels, dried under vacuum at 80°C
and exposed to Kodak XAR-5 film for 12-24h.

Amplification of the 5' end

A modified version of Frohman's (1988) RACE protocol was
utilized to amplify the 5' end of the chicken grf/pacap cDNA. To
amplify the §' end, 1ug Poly A+ mRNA was mixed with 10pmol
primer D, and 7ul DEPC treated water to a final volume of 10ul,
heated at 65°C for 5min, and then cooled on ice. Single stranded
cDNA was synthesized with the above mRNA/primer mixture,
5ul Superscript buffer, 10mM dNTP, 10mM DTT, 5U RNA guard
(Pharmacia), and 200 U RT Superscript (BRL) to a final volume
of 25ul. The reaction was heated to 42°C for 1.25h and
terminated by increasing the temperature to 95°C for émin. The
first strand synthesis was concentrated to 12.5 pl, of which
10ul was extended with dATP, 1ul water and 1ul TdT enzyme
(BRL). PCR conditions were identical to the above except for the

use of primers D and E' (oligo dT2gq).

Tissue expression using reverse transcriptase/PCR
Brain, ovary/oviduct, testis, pituitary, heart, liver, kidney,
crop, small intestine, large intestine, eye, and the muscle were

removed from 25-day-old chickens and extracted in TriZol
(BRL). Complementary DNA was synthesized from 1ug of total



RNA using 200U avian reverse transcriptase (H- RT Superscript,
BRL), 10mM DTT, 0.5mM each dNTP, 50U RNA guard, 2mM primer
E, and 1X H- RT buffer for a total reaction volume of 20ul. The
reaction proceeded for 90min at 41°C followed by 10 min at
90°C. PCR amplifications were done with 0.5yl of newly
transcribed single stranded cDNA from each tissue, SU Tag DNA
polymerase, 1x Taq buffer (Promega), 0.2mM each dNTP, 0.4mM
of primers A (5'-gagccccgceccgtgettaccgecag) and D (Fig. 2.1), and
2.5mM MgClz in a 50ul reaction for 35 cycles (94°(1')-55°(1.5")-
72°(1.75").

Identification of grf/pacap gene using genomic library
screening

A total of 106 pfu from the chicken genomic library
(Stratagene) were screened with the 294bp PCR cDNA fragment
(primers D/F). Duplicate nylon membrane (BioRad) lifts were
prehybridized at 50°C in 6x SSC, 5x Denhardt's solution, 0.5%
SDS and 30mg/ml sea urchin DNA (blocking DNA) for 4 h. The
hybridization solution, consisting of 6x SSC, 0.5% SDS, and
100mg blocking DNA, was added to the [¢-32P] dCTP (Dupont)
labeled probe (2.4x107 cpm/ml) and incubated at 50°C
overnight. The membranes were washed under high stringency
(0.1xSSC/0.1%SDS) for 50 min at 50°C, then exposed to Kodak
XAR-5 film for 7 days at -80°C.

A positive clone was subjected to three additional rounds of

screening to purify the clone. The insert was removed from the
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phage DNA with Sac1 and subcloned into pBluescript KS
(Stratagene). Three of the four Sac1 subclones were subjected
to nested deletions (Pharmacia) on both strands followed by

sequencing of the two strands, as to manufacturer's instruction.

Gene copy number by Southern blot analysis

Chicken liver DNA was ground and digested with proteinase K
(Sigma) overnight at 55°C. The DNA was purified with three
subsequent extractions using phenol:chloroform:isoamyl alcohol
alcoho! (24:24:1) and one additional extraction with
chloroform:isoamyl alcohol (24:1). The DNA was dialyzed
against TE (pH 8) overnight. 10ug DNA was digested with either
EcoRI, Sac1, Hindlll, Pvull, and Kpnl and electrophoresed
through a 1% agarose gel, in duplicate. The DNA was transferred
to the alkaline Zeta-Probe GT membrane as to manufacturer's
(BioRad) specification. Prehybridization was in 7% SDS, 0.25M
NaHPO4 pH 7.2, and 1mM EDTA at 65°C for 15min. Hybridization

was in fresh prehybridization solution plus the randomly primed

a-32P[dCTP] labeled probe (294bp PCR product) for 17hr at 65°C.

The hybridized membranes were rinsed under low stringency
with a solution containing 5%SDS, 40mM NaHPO4 and 1TmM EDTA.
The membranes were then washed for 45min at 65°C with fresh
solution. The wash solution was raised to high stringency by
changing the SDS concentration: 1% SDS, 40mM NaHPO4, and 1mM
EDTA. The membranes were washed twice for 45min at 65°C



with fresh solution. After washing, the membranes were sealed
in plastic and exposed 24hr to Kodak Biomax film with

intensifying screens at -80°C.
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Results
Organization of the chicken grf/pacap gene

A single band of 294bp resulted from the first DNA
amplification of chicken RNA/cDNA. This cDNA fragment was
used to screen the chicken genomic library. One million clones
were screened to produce a single plaque that hybridized to the
probe. The lambda clone of approximately 12500bp, produced 4
fragments when digested with Sac1 (Figure 2.1). These smaller
fragments were purified and subcloned into pBluescript KS
(subclones 1.8, 3.1, 3.2, and 4.4).

Subclones 1.8, 3.1 and 3.2 contained 6526bp of a chicken
pacap gene (Figure 2.2); clone 4.4 consisted of approximately
5Kb of 3' flanking region and therefore was omitted. Subclone
1.8 (1682bp) contained exons 3, 4, and 5 encoding the cryptic
peptide, GRF, and PACAP, respectively. Exon 3 has 134bp and
contains part of the cryptic peptide and the nucleotide reading
frame that encodes a dibasic processing site (Lys-Arg) between
the cryptic and GRF peptide. Exon 4 has 96 nucleotides that
code for the initial 32 amino acids of chicken GRF. The final
portion of GRF on exon 5 shows chicken GRF is unique in that it
is 46 amino acids, the longest known GRF. On exon 5
immediately downstream of the coding region of chicken GRFjy.
46 is the coding region for PACAP{.3g separated from GRF by a
Lys-Arg processing site. The chicken PACAPq.33 is identical to
the mammalian form except for the second amino acid, which

has an isoleucine substituted for an alanine. Clone3.1 (2160bp)
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Figure 2.1: lllustration of the size, subclone orientation and
organization of the gene and cDNA encoding the chicken
GRF/PACAP prepropeptide. Exons deduced from the nucleotide
sequence of the chicken grf/pacap cDNA are boxed. The order of
the exons, as determined by the cDNA sequence, are 5'UTR,
signal peptide, cryptic peptide, GRF, and PACAP followed by the
3'UTR. Below the gene is a schematic map of the chicken
grf/pacap cDNA clone showing the primer hybridization sites.
Primer E, and primer F were used for 3' RACE reactions and
primer E' and D were used for the 5 RACE reaction. Primers A
and D were used to detect grf/pacap tissue expression. Primer
combinations A-D, B-D and C-D were used to detect grf/pacap
mRNA in the chick embryo (Chapter 3)
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Figure 2.2: Nucleotide sequence of the chicken grf/pacap gene.
Nucleotides comprising subclones 1.8, 3.1, and 3.2 are shown
along with the intron/exon boundaries and the 5'- and 3'-
flanking regions. The translated amino acid sequence is shown
in the single letter code below the nucleotide sequence of coded
exons and both sequences are numbered on the right. The
nucleotide numbering begins at the beginning of the clone,
whereas the amino acid numbering begins at the initiating
methionine. All exons are in bold capital letters with an arrow
to show the transcription start site. The first exon is composed
completely of S5'UTR. The central portion of introns 2 and 4 is
omitted to save space, but the complete sequence will be
submitted to Genbank. The intron-exon boundary for nucleotides
encoding GRFi.4¢ is shown (+). The other splice site, 9bp toward
the 3' end, is shown by the double symbol (++). Within the
promoter, the CAAT and TATAAA sequence motif have been

underlined.
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ttttteccacagtaacaattctggttgaaataataaaaaggattattttttggatatgttaaatactgaaattttgattt
ttggactctggtgtaattttttttcctgggggticettgectaccaagtgtaagtatattattgacttttgaatcecgatgg
gcttttagaaaaaggagttaatttatatatttggggtgtttctctgagatatttecactcatgaaaacagatttettcta
agcctaagcaagacttgagatcaccctaaaatgtatgcattgttettgtttteccataagatecttgagttagecttete
tgatgtttaaatgtagggaggtgaccagaatttgectetgagacacaatgacaaggaaggtatgagcacagaattacagaa
agggaaaaaatacatattctactcagataaaataaagectgttgtcaataacatgatttatrcaaactectcatetatggg
aagtaagtaactctgttctgaatatatctactgtctataactecgacagatcagttctgcagttegtgttcotggaccaggg
attgcgtggggtgcactgggcacaaccacatctitcatitetttcttcaaattetcagligtagaatgtttttatattace
tcaaaagcttgagatacaaggtaaatacaggggtataggtttaaagttetgtgtaagtgtggggaaadatatctccacate
acagagtttggagaaaaggcaatctgcatttgetgatgtgcacatacaaatttctatgggttcttcatgetacattaaaa
gcttcacaaggaatctttccccaacttecagegttgrttagtgaacagegetattagtcattacactcaatatacttggt
gtcctteettgattttectgaagaagecagaagtaggyagagetgaatcacgagttttectecatatttttecttaatgaaaa
atcatttgcactgctgttctggaacacagcaccaggtaatgteaacacattagasagatqcaaaagttecccaatcacgg
gtctcgagtcagotecctttagtgggttaattgagettccaattegaatatagtgagtagytattacgegegetcactgg
ccgtegttttamacgtogtgactgggaaacectggegttaceecaactiaategecttgageacatecccectttegeca
gctggogtatagegaagaggeccgeaccgatcgecacccaacagttgegecagectgaatggegaatgggacgegeect
gtagcegetcat taagegaggegggagcetctaaat ggggggetectttaggttecgattagtgett tacggeacctoga
ccccaaaaaaacttgattagggtgatggttcacgtagtggectacgeaetgatagacgqtitttttegeecctttgacgtt
ggagtccacgtretttaatagtggactetigttccazactggaacaacact. caaccctatecteggtetattertttgatt
tataagggattttgccgatttcggoctattggttaaaaaatgagetgatttaacaaaaatttaacgegaattttaacaaa
atattaacgcttacaatttaggtggcacttttcggggaaatgtgegeggggecectattgtttatttttctaatacatte
aaatatgtatcogctcatgagacaataaccctgataaatgettcagtaatattgeataatttacaatggcgaagaaaact
atacatcccccoccagacaatctagggtgtotctetacctccaagagatcgatgtcaagagategectagaacatcgtat
tatctcrttccgggagaggcaagtatacaagaagaattaactcaatgtgaagaatacatcttagagggattatacgatga
ctecctaccctetgatetggget tettectatcgegaactctq@gagaagcaacegagaatt cageect ttataagagtgt
gattttagccaaaatgaattccatcccacecatcccaaaagteggatactqtgggttcagtaccgtgecategategateg
atggagcatgcatcgatgetagecatgcatgetagetagetattetttatttttttttttgtatgectagataaagettteg
gtttggattttacgacgtettgcatacgeactgaacttgacattgacatctectttgcacacctaaactaaaaataattaa
gcccattactcatcctcagagaaccaaggtaatcaaggagtcetttgecaactgageaaaagetgtccttcagaaggaatet
ttccccaacttoccagegttgattagtgaacagegetattagteattacactcaatatacttggtgtecttecttgatttt
cctgggggaagaagcaggagtaggygagaactgaatcacgagttttectcatatttttettaatgazaaagetcattaat
ggatgctgttctggaacacaggaccaggtaatgtcaaaacattaaaaagatgacaaaagttcccaaggacggatctecgag
tcgactcacaaccagaggttgecaggacattgcaggactgaactttcetett tcaaccctecaatctattttgagetetee
agaggaaatgggtttgtccacagtaaccactgtggotgagataataaactgeattactetctggatatgtttaaaatac
tgagactttaatatgatttttgcatctcagtgtaatttcttttcegatgectagaatcgatgctagetgggegggttatea

tgcccaacgtcgtagetgtgataaaaaaaaatgacgrctgtgetgtagetgatogatgeatgecatgaataaaaaaagtgt
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gtgactccgtgetgatgetgtgettggggetttettgetaccaagtgtaagtgectatgtgagttgcagettcgeatttge
CAAT-box TATAA-box
agactcctatggqggg;t:t:agaaaaaqirgttaatttaa:a;aaatttnggtgttcctctgaagacatttcactcca

cagtgaaaacagatttcttctaagectcagGCGAATATTGACAGCCCCCCTTTITTITTTCCTTTATTTIGTCGAGTCGATTC

CCTARCCACCCAACAACTCTCTIGCGCTTCTGCGCCTICTTCATCCTTGCCCAGCGGAAAAGCCGGGAGCCCTTTGACTCT

TTCGGCCGCAACTTGGGGAGATAGCTCTAT T TTTCCCCCCTCCTCTCTGGGGTTTTTCTCCTTTTTCCTCTCTCCCITTC

CCTTCCGCAGCCACACGCTCTCAGTGCCGGGTGTCACAgtgtgtaaatcaagacttgaggatcaccctaaggtgtatgee

ttgttcttgtttcagtagtacagagtgaatgaaaaaccactggataagcatgttgagttagcttetctgatttgggtgta

ggagtgacaagaatttgctctgagacacagGTTIC ATG AGT GGC AAT GTG TAT AAA ACG CTC TTA ACC
M s G N Vv Y K T L L T

CTC CTG GTC TAT GGA TTA ATA ATG CAT TIGC AAC GTC TAC TGC TCA CCC GAC CGT TGG ACT
L L v X G L I M H C N Vv Y C S P D R W T

CCA GTA CCC GGC GCT AAG gtgagtctgtcagtgcaatatgctactctcacatcaggctcetgtgtcacaagtcat
P v P G A K

ctgccaatctatcagtgectgttaagtggaattactgagtaggtgecttggeccaccaaggectgagaateccagetgcagtgg
atcagcccatctacccecctgcacacacgtgtggattcaccccateccecctgeccaaccctgecaceccatgetgeccecacac

aggaatgactcctcetttgctactettatttccactgtatggggttaagaagactegtcacgetgggctgagecactggag
cgagctcgctccgteccgecacggteccgeggeggggacggggctggggacgtecggctgageccagceecgtgettacagea
g CTG GAG GAG GAG GTA TAC GAC GAG GAC GGG AAT ACC CTA CAG GAC TTC GCA CTA CGA

L E E E v Y D E D G N T L Q D F A L R

GCA GGA GCC CCT GGG GGT GGC GGG CCG CGC CCG CGC TGG GGC AGG TGT ACG GCG CTG TAC
A G A P G G G G P R P R W G R Cc T A L Y

TAC CCG CCG GGA AAG AG gtgacagaggggcgccggatagggccggggggggagggggggaatgggaaacctaag

Y P P G K R

ggccceeccgggggaggecgggaaatatcgtaatteccgecccacctgggctgecgegagegggggaggggggtggggagggag

ggcgectecggggatgggegetgacgggeegtgeeccggecag G CAC GCC GAT GGG ATC TTC AGC AAA GCC
H 1A D G I F S K A

TAC AGG AAA CTC CTG GGC CAG CTG TCC GCA AGA AAT TAC CTG CAC TCC CTG ATG GCC AAG
Y R K L L G Q L S A R N Y L H S L M A K

CGG GTC GG gtaagggctgcggcgggacgggagcgaacaaagcegeggegegeggeggeeggggeggggeggaccatte
R v G
tcceccgeggtgetctgecggaacgagagaggeggecgcacccggggetcggegtecectccegeggggeageaecegggtgg
----------- ~=INTRON 4--—==wm——an= + ++
cgggttgggtcgggecccgggagggeccctectgatggttgtgtecttcteggtgetttgcag € GGT GCC AGC AGC
G A S S

GGC CTG GGG GAC GAG GCG GAA CCG CTC AGC AAG CGC CAC ATA GAC GGC ATC TTIC ACG GAC
G L G D E A E P L S K R H I D G I F T D
G

TC AAG ARA TAC TTA GCG GCC GTC CIG GGG

AGC TAC AGC CGC TAC CGG AAA CAA ATG GCT
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AAA AGG TAT AAA CAA AGA GTT AAA AAC AAA GGA CGC CGA GTA GCG TAT TTG TAG gatgagca
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accgcecgctgcecgtgecgtagtcctgagagagagagagagagagagagagagattgagagagagagagagagagagagaga
cccaaccaccccaacccaaacaaaagtcattteccaaagtgacggaacgaccecgecgcteececgtgttccccaaacatgtatt
tatgtataagtaagccattaaatgaataatattttgataataatatggttttcettttgtacgaaagcacagatctacttet
gtggaccaatccttgagttatatatgagatagaatatatatatataatactgctactaaagagcgattcttcataccaag
ctgcaccaggacgagagttcgectgagetgttagtttttatagaaaacaaatagacgaaaaaaaaaaaaaagacaatcac
cgcttccaacagcgetectatttttgtaacggaaacgaaaagggecactgtttttattgecacgggggecgaacacereagt
tctcaccgtgtgecgectgtgatagggagggctecacgcagecaggggteccececggectecgatctetctetctatttececca
ccecceccetttrttrttrttccctttgattecggtectatecgtatcagtectectcagagegatgag
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contained exon 1 that encodes the 5'-untranslated region (UTR)
(194bp), an intron (142bp) and exon 2 that encodes the signal
peptide and a portion of the cryptic peptide (114bp). Clone 3.1
also contained 344bp of regulatory region. Within the 344bp
was a CAAT region at position 2974bp, and a TATAA region at
position 3002bp; these nucleotides are consensus regulatory
regions. Intron 2 of 1337bp was the longest intron and introns
3 of 178bp and 4 of 371bp contained an unusually high G/C

content and numerous (G)n repeats. Clone 3.2 (2627bp) was

exclusively a putative promoter region.

Expression of the grf/pacap gene in different tissues
In juveniles at 25 days after hatching, chicken grf/pacap
mRNA was detected not only in the brain, but also in tissues
external to the brain using a RT/PCR method. Expression of
grf/pacap mMRNA was detected within the brain (lane A),
ovary/oviduct (lane 1) and testis (lane J) of the chicken (Figure
2.3A). Transcripts for grf/pacap were not detected within the
pituitary, heart, liver, kidney, crop, small intestine, large
intestine, eye, or the muscle. Two bands were amplified from
the brain mRNA using the RT/PCR method. These two bands
along with the single bands from the ovary/oviduct and testis
were purified and sequenced to verify the PACAP sequence. The
longest band in the brain and single band in gonads contained all
exons, whereas the smaller band in the brain lacked exon 4. The

cDNA appeared to be of good quality as determined by the PCR
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Figure 2.3: Reverse transcriptase assay to detect grf/pacap
mRNA in various chicken tissues. (A) Tissue cDNA samples
used for reactions were as follows: lane A, brain; lane B,
pituitary; lane C, heart; lane D, liver; lane E, kidney; lane F, crop;
lane G, small intestine; lane H large intestine; lane |,
ovary/oviduct; lane J, testis; lane K, eyeball; lane L, muscle;
lane M, negative control (no DNA); lane N, positive control. (B)
Tubulin detected by the RT/PCR assay to determine the quality
of MRNA/cDNA for the assay in (A). The lanes contained the
mRNA/cDNA as above except l[ane N which contained the tubulin
clone as the positive control. The band size was 294bp as

expected from primers PA1 and 3'PA.
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products obtained with tubulin primers (Figure 2.3B).

Determination of gene copy number using Southern blot
analysis

Southern blot analysis of chicken genomic DNA using the
294bp PCR cDNA fragment as a DNA probe revealed two bands
(Figure 2.4). Al five genomic DNA restriction digests had two
areas hybridizing to the cDNA probe. Both bands appeared when
low and high stringency washes were applied to the membrane

and no other bands appeared with low stringency washes.
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Figure 2.4: Southern blot analysis of chicken genomic DNA
using the 294bp pacap probe. 10ug DNA was digested with one
of the following: EcoRI (lane A); Sac1 (lane B); Hindlll (lane C);
Pvull (lane D); and Kpnl (lane F). The digest was electrophoresed

through a 1% agarose gel. Approximate molecular sizes of 7.5Kb

and 5Kb are shown on the right.



«— 7.5Kb

«+— 5Kb

¥9



Discussion
Gene organization implies a gene duplication in
ancestral mammals

| have isolated from a chicken (c) genomic library a clone
that encodes both a GRF peptide and PACAP. This is the first
report of an avian GRF. Both PACAP and GRF belong to the
glucagon superfamily in which the members have similar
intron/exon organization and sequence identity. This
organization in which both peptides are encoded on the same
gene is similar to that in fish, but unlike mammals, which have
two genes encoding each peptide separately.

The association of the chicken grf/pacap gene with members
of a superfamily including glucagon, secretin, GRF, and
vasoactive intestinal peptide (VIP) is illustrated by a high
sequence identity between cPACAP and cVIP (Talbot et al.
1995). In the mRNA sequences, the nucleotides encoding the
cPACAP region have 80% identity with the nucleotides encoding
the cVIP region. This high degree of identity is likely to explain
the two bands in each lane of the Southern blot (Figure 8)
because our 294bp probe encoded cPACAP. A common ancestral
gene may have given rise to PACAP, GRF and VIP, although the
point in time at which the genes duplicated and diverged is still
unknown (Campbell and Scanes 1992; Sherwood et al. 1994).
The presence of both the cGRF molecule and cPACAP in a single
gene implies that a gene duplication occurred after the

ancestral mammals split from the reptilian-avian line and not
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before the emergence of the bony fish as previously thought
(Campbell and Scanes 1992).

There is a high degree of identity of cPACAP to other
members within the PACAP family. The portion of DNA encoding
the PACAP protein has nucleotides that are 92% identical to the
human gene. The deduced PACAP amino acid sequence is 97%
identical to the human sequence with only one change at
position 2 where an isoleucine in chicken PACAP is substituted
for an alanine in human PACAP. In contrast, the cGRF peptide
compared to GRF in other species has only 42% amino acid
identity to human, 47% to rat and 76% to carp GRF (Vaughan et
al. 1992). This divergence among species is not surprising in
view of the relatively low sequence identity of 68% between

human and rat GRF.

Exon sliding and skipping produces 3 different mRNAs
The organization of the chicken grf/pacap gene is similar to
both the human grf and pacap genes and to other members of the
glucagon superfamily. The chicken grf/pacap gene is composed
of 5 exons and as sequenced, encompassed 6525bp. All 5 exon
locations and intron/exon boundaries were confirmed by
isolating cDNA clones from the §' and 3' RACE reactions with
adult brain cDNA (Figure 2.5). However, in sequences of the PCR
fragments, we observed that the intron/exon boundary between

exons 4 and 5 has considerable variation (Fig. 2.5). The first



Figure 2.5: Schematic diagram of alternative splicing for the
chicken grf/pacap gene to produce three different mRNA's. The
gene is shown on top with the three different mRNAs shown
below. The first mMRNA was the most abundant and encodes
GRF.45- The second mRNA has the splice site 9bp downstream
encoding GRFq.43. The third encodes a mRNA that skips exon

four and therefore omits the nucleotides that encode GRF;_3,.
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boundary occurs at position 5703bp; the second boundary slides
9bp downstream to position 5712; and the third boundary shows
that exon 4 is lacking altogether. At both splice sites nine
bases apart, proper consensus splice sites exist. Therefore, the
chicken grf/pacap mRNA transcript has splice donor sites that
encode a 43-amino-acid GRF. The acceptor site was also shown
to slide 9bp upstream to encode a GRF of 46 residues. The
intron nucleotides at the 5' splice site of intron 4, GG:GT(A) and
the last 4 nucleotides of intron 4 at both 3' splice sites
(NCAG:C), closely match the splice site consensus sequences as
found in vertebrates (Padgett et al. 1986; Green 1991). This
sliding mechanism has not been reported for this family of
peptides.

The function of exon sliding is not known other than to
encode two GRFs of different length with, potentially, two
different functions. Recent evidence suggests that human GRF;.
4¢ may affect somatotroph differentiation in the embryonic
chicken pituitary (Porter et al. 1995) and the development of
chick neuroblasts and their neurotransmitters (Kentori and
Vernadakis 1990). These effects on early brain development and
GH-releasing somatotrophs in the pituitary may reflect an early
role of GRFy.43 and/or GRF;.46 in avian systems.

The third mRNA transcript synthesized is a cDNA for chicken
grf/pacap that lacks exon 4 and hence, the nucleotides encoding
GRF4.32. The critical part of the peptide is thought to be

contained in this sequence as mammalian GRF.og is the core



required for full biological activity (Ling et al. 1984). The
importance of GRF during development is implied by the absence
of exon skipping in the embryo prior to hatching. The
physiological effect of increasing the ratio of PACAP to GRF
after hatching is not known. This skipping of exon four has been
reported for cDNAs from three other family members (Parker et
al. 1993; Seungkwon et al. 1995; Talbot et al. 1995). The
salmon grf/pacap cDNA has exon skipping only in the brain and,
like the chicken gene, omits exon 4 encoding GRF{.32. In
contrast, the vip/phi gene in chickens and turkeys does not skip
exon 4 in the brain, but does skip this exon in the optic nerve
and small intestine to produce a cDNA lacking peptide histidine
isoleucine (PHI). In addition, alternative splicing of exons has
been reported to occur in a variety of other pre-mRNAs such as
bovine growth hormone (Dirksen et al. 1994), fibronectin (Huh
and Hynes 1994), neural cell adhesion molecule (Tacke and
Goridis 1991) and B-tropomyosin (Guo et al. 1991). Nucleotides
within the introns and exons of these different genes are known
to affect the rate and effectiveness of intron removal. These
elements, when mutated, have been shown to alter the
effectiveness of small nuclear ribonucleoprotein particles
(snRNPs) and serine-arginine (SR) proteins to remove or skip
exons (Zahler et al. 1992; Watakabe et al. 1993). The chicken
grf/pacap gene has sequences that affect pre-mRNA splicing.
Introns 3 and 4 and exons 4 and 5 contain factors such as purine

rich motifs (Dirksen et al. 1994; Xu et al. 1993) and intron 4 has
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TGCATG elements (Huh and Hynes 1994); both of these are known
to alter exon/intron removal. Therefore, these nucleotide
motifs in conjunction with the splice site proteins may explain

the skipping of exon 4.

Tissue expression of chicken grf/pacap mRNA occurs in
brain and gonads

This is the first report that a mRNA encoding both the
chicken GRF and PACAP peptides is expressed in the brain and
gonads. The expression differs between these two tissues.
Both a full length mRNA and shorter (lacking exon 4) mRNA are
expressed in the adult brain, whereas only the full length mRNA
is detected in the gonads. Transcripts for grf/pacap mMRNA
expression were not present in pituitary, heart, liver, kidney,
crop, small intestine, large intestine, eye/optic nerve, or
muscle. In evolutionary terms, this expression pattern is
similar to the expression of the separate mammalian grf and
pacap genes. In mammals grf mRNA is expressed in the
hypothalamus, testis, ovary, and placenta, whereas mammalian
PACAP is expressed in the same tissues in addition to the
gastrointestinal tract (Arimura 1992). However, we did not
detect grf/pacap mRNA in the chicken small or large intestine, a
site known to produce PACAP in mammals and caftfish.

The importance of the vertebrate GRF and PACAP in gonads is
not yet clear. GRF is known to act directly on the ovary to

promote follicular maturation (Moretti et al. 1990) and
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immunoreactive PACAP was shown to be in spermatids,
spermatogonia and primary spermacytes suggesting a role as an
autocrine regulator in developing germ cells (Hannibal and
Fahrenkrug 1995).

The similar tissue distribution of GRF and PACAP mRNA
transcripts further supports the idea that the separate
mammalian grf and pacap genes resulted from a duplication of
an ancestral grf/pacap gene in vertebrates. The encoding of GRF
and PACAP on one gene in chickens implies that the gene
duplication that led to encoding the two hormones separately
must have occurred in evolution in mammals after reptiles and
birds diverged from the ancestral vertebrate stem line.

In conclusion, | have identified the chicken grf/pacap gene
and the resulting three different cDNAs. Exon sliding occurs in
embryo and adult transcripts resulting in mRNA encoding GRF;.
43 or GRF1.46, and PACAP.3g. Exon skipping occurs only in
juvenile and adult brains to produce GRF 33.4¢ and PACAP{.3g. A
plethora of alternatively spliced genes have been reported and
the mechanism of alternative splicing is now beginning to be

understood.
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Chapter 3

Embryonic expression pattern of the chicken growth
hormone-releasing hormone (GRF) and pituitary
adenylate cyclase-activating polypeptide (PACAP) gene.
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Summary

GRF is a neuropeptide releasing factor that is known to
regulate GH secretion. In this study evidence is presented to
suggest that GRF may have a role in early brain development.
Chicken grf mRNA is expressed throughout the embryonic period,
long before it functions as a releasing factor. In the developing
chick embryo, foreshortened grf mRNA is expressed. In the first
three days of development, transcripts containing, exons 4 and
5, but not 1-3 are detected. On the fourth day of development,
transcripts containing only exons 3-5 are detected and
beginning on the fifth day of embryonic development, full length
mRNA (exons 1-5) is detected. In chicken, grf transcripts
produced in the brain are processed in an age-specific manner
into three different mRNAs that encode three different proteins.
The first mRNA encodes full length GRF of 46 amino acids (aa)
and the second mRNA encodes a shorter GRF (43aa) as a result of
exon sliding at the splice site of the intron4:exon 5 boundary. In
juveniles and adults, an additional third mRNA encodes GRF33-
46 because exon 4 is skipped. The early and continued
expression of grf/pacap mRNA in the developing brain suggests
the GRF and PACAP neuropeptides have an important role in
early CNS development.



Introduction

In addition to the role of PACAP as a releaser of pituitary
hormones, preliminary evidence shows that PACAP promotes
neuroblast proliferation and neurite outgrowth in the cerebral
cortex, cerebellar granule cells and sympathetic ganglia of fetal
mice (DiCicco-Bloom 1992). Further evidence that PACAP is a
potential growth factor is based on the following evidence:
PACAP promotes proliferation of mouse primordial germ cells
(Pesce et al. 1996); PACAP is produced in specific tumour cells;
PACAP receptors are detected on human glial cell tumours
(Robberecht et al. 1994); and PACAP is expressed early in rat
brain development with levels peaking at birth (Masuo et al.
1994). Meanwhile, human GRF has been shown to affect
somatotroph differentiation in the embryonic chicken pituitary
(Porter et al. 1995) and to accelerate the development of chick
neuroblasts and synthesis of neurotransmitters (Kentori and
Vernadakis 1990).

To investigate if GRF and PACAP have a role in early brain
development in the chicken, the expression of the chicken
grf/pacap mRNA was investigated. Brain samples were taken
every day from day 1 (24h) until day 21 (hatching). Using
RT/PCR and several primers directed to different regions of the
gene, | detected grf/pacap mRNA expression in the developing
embryo. Embryonic expression of mRNA could be detected as
early as day 1, but closer analysis revealed a change in

transcription to the adult pattern on embryo day 5.



Materials and Methods
Developmental expression using RT/PCR

Four dozen eggs were placed in a 41°C humidified incubator
and beginning on day 1 and at every 24 h thereafter, eqgs were
removed, the embryo dissected from the yolk and total RNA
extracted with TriZol (BRL). Four whole embryos were removed
and extracted for each of the first 3 days, whereas only two
whole embryos were dissected and extracted on days 4-6. For
days 7-10, one whole head was extracted and from days 11-21,
one brain was dissected from the skull and extracted. For each
sample, single stranded cDNA was synthesized from 10ug total
RNA, 2mM primer E, 5ul Superscript buffer, 2mM dNTP, 10mM
DTT, 5U RNA guard (Pharmacia), and 200 U RT Superscript (BRL)
to a final volume of 25ul. The nucleotide sequence for the
primers used in this experiment are given in chapter 2 or below
and the hybridization site is shown in Fig 2.1. The reaction was
heated to 42°C for 1.5hr and terminated by increasing the
temperature to 95°C for 10min.

Amplification was performed in a 50ul volume with 0.2ug
cDNA, 5U Taq, 1x Taqg buffer (Promega), 200mM dNTP's, 2mM
MgCiz, and 0.2pmol of each primer set A/D, B/D (primer B: 5-
ggaataccctgcaggacttcge) or C/D (primer C: 5'-caaagcctacagga
aactcctgggec). Primer hybridization sites are shown in Fig. 2.1.
The reaction was carried out for 35 cycles at 94°C for 1 min,
55°C for 1 min, and 72°C for 1.5 min. PCR reaction products

were electrophoresed through a 3% agarose gel.

83



84

Determination of grf/pacap mRNA length in embryos at
1-5 days of development

To determine the approximate mRNA lengths, a cDNA
extension reaction was performed using poly A+ mRNA from
embryos of 1-5 days of age. 10ug poly A-rich mRNA from each
day was combined with 1mM primer D and heated to 90°C for 10
min. The DNA was cooled to 57°C for 20min and placed on ice.
Added to each of the DNA/primer mixtures was a solution
consisting of 5ul Superscript buffer, 2.5mM dATP, dTTP, and
dGTP, 1.25mM of each dCTP and [a-32P]dCTP, 10mM DTT, 5U RNA
guard (Pharmacia), and 200 U RT Superscript (BRL) for a final
volume of 25ul. The mixtures were incubated at 42°C for 1.5hr.
The reverse transcription reaction was terminated at 90°C for
10min. The mixtures were chilled on ice, treated with the
addition of 10U RNase H (Sigma) and incubated at 37°C for 1hr.
The reactions were PEG (2.5M Nacl, 5M PEQG) precipitated on ice
for 1.5hr. The PEG solution was spun at 10,000g, the pellet was
washed in 75% ethanol and rehydrated in water. The solution
was isopropanol precipitated, washed with 75% ethanol,
rehydrated in water and the resulting DNA solution was passed
through NAP-5 columns (Pharmacia). The solution was
isopropanol precipitated, washed with 75% ethanol, rehydrated
with 10ul water and electrophoresed through a 6%
polyacrylamide gel under reducing conditions. Radioactive

bands were visualized by autoradiography of dried gels using



Kodak Biomax film and intensifying screens during 2 days at

-70°C.

Identification of cDNA by library screening

A total of 106 pfu from a 13-day-old chicken embryo cDNA
library (gift from Dr. B. Ranscht, La Jolla Cancer Research
Foundation) was screened with the 294bp fragment produced by
PCR, as described in Chapter 2. Prehybridization and
hybridization were done as above, except a 55°C hybridization
temperature was used. The membranes were washed under high
stringency (0.1xSSC/0.1%SDS) for 30 min at 55°C, then exposed
to Biomax (Kodak) film for 2 days at -80°C. Four of the 15
positive clones from the first round of screening were selected
for two additional rounds of screening. The inserts were
removed from the phage with EcoRI and subcloned into EcoRIl cut
pBluescript KS (Stratagene). Both strands of the four clones

were sequenced.



Results

Developmental expression of the chicken grf/pacap
gene

Expression of full length chicken grf/pacap mRNA was first
detected in the 5-day-old embryonic brain with a sensitive
RT/PCR method. However, during early development of the chick
embryo, we were able to demonstrate loose transcription of the
gene (Figures 3.1-3.3). Using primers C and D, we detected a
partial grf/pacap mRNA consisting of exons 4 and 5 in chicks
after 24hr of incubation (day 1). Transcripts encoding exons 2
and 3 were not detected on days 1 to 3 of development using
primers A and D between exons 2 and 5 or primers B and D
between exons 3 and 5. (Figures 3.1 and 3.2). The incomplete
mRNA transcript is also seen with the cDNA elongation reaction
(Figure. 3.3). On days 1-3, expression of exons 4 and 5 was
detected as seen by the size of the cDNA extension reaction for
those days. On day 4, expression of exons 3, 4, and 5 was
detected as seen by the size of the bands produced with the day
4 cDNA extension reaction and using primers B and D. On day 5
and continuing till hatching at day 21, a complete chicken
grf/pacap mRNA was produced as detected with primers A and D
(Figures 3.1 and 3.2) and as shown by the cDNA extension
reaction band length (Figure 3.3).



Figure 3.1: Reverse transcriptase assay to detect grf/pacap
mRNA in developing chick embryos. mRNA was extracted from
embryos each day until hatching (lanes 1-21). Lane 22 is the
negative control (no DNA). The chicken grf/pacap cDNA
schematic shows the sites of hybridization of the different
primers. The first panel shows complete grf/pacap mRNA

synthesis beginning on day 5 as detected with primers A and D.

The second panel show exons 3-5 (primers B and D) are detected

beginning on day 4 and the third panel shows incomplete

synthesis of the pacap mRNA beginning on day 1 as detected

with primers C and D.
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Figure 3.2: Reverse transcriptase assay to demonstrate loose
transcription of the chicken grf/pacap gene. Day 1 to 5
cDNA/mMRNA was amplified with one of three sets of primers.
Lane A indicates primers C and D were used, lane B indicates B
and D were used; and lane C indicates primers A and D were

used. Approximate molecular sizes are shown on the right.
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Figure 3.3: Determination of grf/pacap mRNA length from 1-5
day-old chick embryos. Day 1-5 mRNA was reverse transcribed
in the presence of [a-32P]dCTP and primer D. The cDNA

containing the «-32P labelled cDNA was electrophoresed through

a 6% polyacrylamide gel under reducing conditions.
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Confirmation of intron-exon boundaries with a cDNA
library

To confirm intron-exon boundaries, a 13-day-embryo cDNA
library made from brain mRNA, was screened using the 294bp
PCR fragment. Fifteen clones were isolated and 4 clones
completely sequenced. All intron-exon boundaries were
confirmed (Figure 3.4). However, in cDNA prepared from a
library lysate, the boundary between exons 4 and § was found to
vary: in some bands, the boundary was at position 5703bp and in
the other the boundary had slid nine bases downstream to

position 5712 bp.



Figure 3.4: Schematic for alternative splicing of the
embryonic chicken grf/pacap transcripts to produce only two
different mRNAs. The gene is shown on top with the two
different mMRNAs shown below. The first mMRNA was the most
abundant and encodes GRF,_,;. The second mRNA has the splice

site 9bp downstream from the first site and encodes GRFj._43.
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Discussion

Expression of the grf/pacap gene occurs early in
development

To gain insight into pacap and grf gene expression in the
developing chicken embryo, | analysed the number and structure
of transcripts for this gene in the developing chick embryo. |
extracted mRNA from individual embryos every 24hr until
hatching. Using poly A* mRNA in a cDNA extension reaction and
mRNA from each day with primers specific for each exon, |
determined that a full length cDNA containing exons 1-5
encoding chicken grfipacap is produced. Expression of the full
length cDNA begins on day 5 of embryonic development and
persists till hatching on day 21 and into adulthood (Figure 3.1).
Early pacap mRNA synthesis also was observed in rainbow trout
embryos (Oncorhynchus mykiss) where full length mRNA
transcripts were detected in 4-day-old embryos (S. Krueckl,
personal communication). However, within the chicken, we
detected an incomplete grf/pacap mRNA in 1-day-old embryos
as shown by the short extension reaction band of approximately
275 bases (Figure 3.3) and the lack of a PCR band except with
primers C and D directed to exons 4 and 5 (Figures 3.1 and 3.2).
This mRNA would encode only the GRF and PACAP, but not the
signal or cryptic peptides. The truncated mRNA is probably not
translated because of the lack of nucleotides encoding known

translation initiation sites (i.e. nucleotides CAGATG) at the
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beginning of the signal peptide. The shortened chicken pacap
mRNA was present until day 4 of development when exon 3
encoding the cryptic peptide was detected with primers B and D.
Finally at day 5, the nucleotides that encode the signal peptide
and 5'UTR are present for translation into a prepropeptide. The
function of the loose transcription is not known. During early
development the embryo may lack the proper factors for correct
transcription or RNA processing of this transcript until day 5.
Only then is mRNA of the correct composition available for
translation.

The production of the full length grf/pacap mRNA coincides
with differentiation and development of the brain. By day 5, the
chick cerebral hemispheres of the telencephalon have developed
and the lateral walls of the diencephalon and mesencephalon
have begun differentiation (Patten 1964). The production of the
full length grf/pacap mRNA at the same time as development of
the central nervous system and pituitary suggests that PACAP
and GRF are potential growth factors for developing neuroblasts

and somatotrophs.

Exon sliding produces 2 different mRNAs

The organization of the chicken grf/pacap gene is similar to
both the human grf and pacap genes and to other members of the
glucagon superfamily. As described in Chapter 2, the chicken
grf/pacap gene is composed of 5 exons and as sequenced,

encompassed 6525bp. All 5 exon locations and intron/exon
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boundaries were confirmed by isolating cDNA clones from a 13-
day-embryo library and with 5' and 3' RACE reactions. However,
in sequences of cDNA library clones and PCR fragments, we
observed that the intron/exon boundary between exons 4 and 5
varied (Figures 3.4). The dominate boundary occurs at position
5703bp (Figure 2.2) and the second boundary slides 9bp
downstream to position 5712. At both splice sites nine bases
apart, proper consensus splice sites exist. Therefore, the
chicken grf/pacap mRNA transcript has splice donor sites that
encode a 43-amino-acid GRF. The acceptor site was also shown
to slide 9bp upstream to encode a GRF of 46 residues. The
intron nucleotides at the 5' splice site of intron 4, GG:GT(A) and
the last 4 nucleotides of intron 4 at both 3' splice sites
(NCAG:C), closely match the splice site consensus sequences
found in vertebrates (Padgett et al. 1986; Green 1991). Exon
sliding has not been previously reported for this family of
peptides. The function of exon sliding is not known other than
to encode two GRFs of different length that potentially have
two different functions. Recent evidence shows that human
GRF .44 in the chicken affects somatotroph differentiation in
the embryonic chicken pituitary (Porter et al. 1995) and the
development of chick neuroblasts and their neurotransmitters
(Kentori and Vernadakis 1990). These effects on early brain
development and GH-releasing somatotrophs in the pituitary

imply an early role of GRF.43 and/or GRF{.46 in birds.
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Transcription of the embryonic chick grf/pacap gene
includes exon 4

Within Chapter 2, the processing of the chicken grf/pacap
transcript was shown to result in three different mRNAs.
Screening the embryonic cDNA library or amplifying cDNA with
the PCR, | did not detect any clones that lacked exon four.
Therefore, the chick embryo encodes only GRF{.43 and GRF; 4 in
addition to PACAP (Figure 3.4). The skipping of exon four was
seen to occur only in mRNA from the juvenile and adult chicken
brain. However, sometime between hatching and day 25 of
juvenile growth, exon four begins to be skipped. The skipping of
exon four is a common occurrence in members of this gene
family. Exon four is skipped in adult mRNA in salmon PACAP
(Parker et al. 1993), turkey VIP (Seungkwon et al. 1995) chicken
VIP (Talbot et al. 1995), human secretin (Kopin et al. 1991) and
human GIP (Takeda et al. 1987). However, this is the first
report of an age-specific skipping event and the function is

unclear.
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CHAPTER 4

Evolution of growth hormone-releasing hormone (GRF)
and pituitary adenylate cyclase activating-
polypeptide (PACAP) in fish.

A version of this chapter has been published: McRory JE, Parker
DB, Ngamvongchon S, Sherwood NM 1995 Sequence and
expression of cDNA for pituitary adenylate cyclase activating
polypeptide (PACAP) and growth hormone-releasing hormone
(GHRH)-like peptide in catfish. Molecular and Cellular
Endocrinology 108: 169-177.
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Summary

In this chapter | consider the molecular evolution of GRF and
PACAP by isolating and sequencing the cDNA that encodes these
two peptides from catfish. Growth hormone-releasing hormone
(GRF) and pituitary adenylate cyclase-activating polypeptide
(PACAP) are two neuropeptides that are associated with the
release of pituitary growth hormone. Here, a cDNA of 2501 base
pairs encoding both a GRF-like peptide and a PACAP was
isolated from a brain cDNA library made from Thai catfish
(Clarias macrocephalus). The organization is similar to that of
chicken, but is unlike that of the mammalian gene where PACAP
and PACAP-related peptide (PRP) are encoded in one gene, and
the GRF peptide is on a separate gene.

Northern blot analysis of catfish brain mRBNA indicated
grf/pacap mRNA of three sizes. These bands of 6000, 2500, and
1000 bases suggest alternative splicing of the gene. Reverse
transcriptase/PCR detected grf/pacap mRNA in tissue from the
brain, testis, ovary, and stomach, but not from the pancreas,
pituitary, muscle, and liver. Our hypothesis that the two
mammalian genes encoding GRF or PACAP originated from a gene
duplication in ancestral mammals is supported by the present
findings of similar mRNA organization and pattern of expression
for the single grf/pacap gene in fish and birds and the separate

grf and pacap mammalian genes.



Introduction

The location and actions of PACAP suggest that one function
is to release pituitary hormones. PACAP immunoreactive fibers
have been detected in both the external and internal zones of the
median eminence. In vitro studies showed that PACAP caused
an increase in the release of not only GH, but also of several
other pituitary hormones (Hart et al. 1992); this effect may
result from PACAP's action in stimulating the accumulation of
intracellular cyclic AMP from dispersed rat anteriar pituitary
cells (Propato-Mussafiri et al. 1992). Also, PACAP stimulated
GH and PRL release from GH3 tumour cells (Propato-Mussafiri et
al. 1992) and enhanced the effect of gonadotropin-releasing
hormone on LH and FSH release (Culler and Paschall, 1991).
Finally, PACAP is assumed to have functions outside of the
pituitary because it is detected by antisera in many locations:
brain, testis, ovary, adrenal, pancreas, gastrointestinal tract,
and respiratory tract (Koves et al. 1990; Gottschall et al. 1990;
Uddman et al. 1991; Arimura, 1992)

The primary role of GRF is to release GH from the pituitary.
This is unlike PACAP, which appears to release several
pituitary hormones. However, GRF has functions in addition to
the release of GH because GRF is expressed not only in the
hypothalamus, but also in the testis, ovary, and placenta (Berry
and Pescovitz, 1988, 1990; Suhr et al. 1989; Moretti et al. 1990;
Margioris et al. 1990; Bagnato et al. 1992). In nonmammalian

vertebrates, an undisputed GRF has not been isolated, but the
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human GRF has been shown to stimulate the release of GH from
the pituitaries of turtles (Denver and Licht, 1989, 1991) and
frogs (Malagon et al. 1991). Recently, Vaughan et al. (1992)
demonstrated that a carp GRF-like molecule stimulated the
release of GH from perfused goldfish pituitaries in a dose
dependent manner.

In mammals, PACAP and PRP are encoded in one gene (Ohkubo
et al. 1992; Hosoya et al. 1992), whereas GRF is on a separate
gene (Mayo et al. 1985). However, in other vertebrates a gene
encoding only GRF has not been identified (Mayo et al. 1985).
Rather, GRF along with PACAP appears to be encoded in one gene
, at least in salmon (Parker et al. 1993). Among nonmammalian
vertebrates, peptide sequences have been determined only for
frog PACAPq.3g (Chartrel et al. 1991) and for common carp
(Cyprinus carpio) GRF (Vaughan et al. 1992).

The evolutionary and functional relationships of PACAP, PRP,
and GRF are not clear. A function has not been ascribed to
mammalian PRP. If gene duplication occurred within the
vertebrates to produce the prp/pacap and grf genes, the timing
is obscure. As a first step to study the evolutionary
relationships of PACAP, PRP, and GRF, we have isolated the
catfish cDNA that encodes both PACAP and a GRF-like peptide.
To study the functional relationships of these growth-related
peptides, we used a reverse transcriptase/PCR assay to show
grf/pacap mRNA is expressed not only in the brain, but in

gonadal and gut tissues as well.
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Materials and Methods

Construction of cDNA library

Thai catfish (Clarias macrocephalus) brains were taken from
anesthetized fish and placed immediately in liquid nitrogen and
stored at -80°C. Total RNA was extracted with an acidic
guanidinium thiocyanate method (Chomczynski and Sacchi,
1987) and poly A+-rich mRNA was purified on two consecutive
oligo dTq2.1g columns. Double stranded cDNA was synthesized
using poly T(20) and reverse transcriptase, (Pharmacia) ligated
to EcoR1/Not1 adaptors and Lambda Zapll vector arms
(Stratagene). Gigapack gold (Stratagene) was used to package

the lambda vectors with inserts.

Amplification of grf/pacap cDNA by PCR

DNA was amplified using a cDNA library lysate and
nondegenerate primers directed against the salmon grf/pacap
cDNA sequence (Parker et al. 1993). The SP1 primer (5'-ggaatc
ataatgcactacagtgtc) was based on amino acids 13-20 of the
salmon signal peptide. The NMS3 primer (5'-tcggtagcggctgtagce
tatctg) was designed for amino acids 8-14 of the salmon PACAP
peptide. First round amplification was done in a 50ul volume
(0.2ug cDNA, 5U Taq, 1x Taq buffer (Promega), 200uM dNTP's,
2mM MgCl2, 20 pmol of primers Sp1 and NMS 3) with 35 cycles
at 94°C for 1.5 min, 45°C for 2 min, 72°C for 2.5 min and a 5.3
min extension at 72°C. Reamplified bands were cloned into

pBluescript KS+ (Stratagene), electroporated into XL-1
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competent cells, and prepared for sequencing with an alkaline

hydrolysis method (Birnboim, 1983).

Assay by tissue mMRNA reverse transcription/PCR
Messenger RNA was isolated from the following tissues:
brain, pituitary, testis, ovary, stomach, liver, pancreas, and
muscle. Complementary DNA was synthesized from 0.5ug mRNA
for each tissue using 200U avian reverse transcriptase (H-
Superscript RT, BRL), 10mM dithiothreitol, TmM each dNTP,
160U RNA guard, 2mM Oligo dT12-18, and 1X H- RT buffer in a
total reaction volume of 20ul. The reaction proceeded for 90
min at 41°C followed by 5 min at 90°C. DNA amplifications
were done in a 50ul volume that contained 0.5ul cDNA, 1x TAQ
buffer (BRL), 200uM dNTP's, SU Tag, 1.5mM MgCl2, and 20pmol
of each primer. Primer 3 was made against the 5'UTR, position
294-314bp of the catfish clone, and primer 4 corresponded to
bases 901-825. The sequence for primer 3 was
5'cctecgcetctctgaccaaactg and for primer 4 was
5'cctgggtaactccaattaatacct. All reagents, except the Taq
enzyme, were mixed, layered with mineral oil, and heated to
95°C for 5 min. The mixture was frozen rapidly in a dry
ice/ethanol bath and 5U Taq DNA polymerase were added. The
tubes were replaced in the preheated 95° thermal cycler where
35 cycles at 95°C for 1 min, 55°C for 2 min, and 74°C for 2.5
min were completed. Tubulin PCR amplifications were done in a

50ul reaction volume that contained 0.5ug cDNA from each
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tissue, 5U Taq DNA polymerase, 1x Taq buffer (Promega), 200uM
each dNTP, 3mM MgCls, and 20pmol of each primer. The reactions
were carried out for 35 cycles of 94° for 1 min, 55° for 1.5 min,
and 72° for 1.5 min. Primers 5 and 6 correspond to bases 523-
545 and 719-740 of the salmon tubulin cDNA clone respectively
(Coe et al. 1992). The sequence for primer 5 was
5'caggtgtccacgg ctgtggtg and for primer 6 was

5'agggctccatcgaaacgcag.

Sequencing of clone inserts

Both strands of the plasmid were sequenced with [o-3S]dATP
using the chain termination method (Sanger et al. 1977) and
Sequenase 2.0 (US Biochemical Corp.). All sequencing gels were
6% polyacrylamide/7M urea wedge gels, dried under vacuum at
80°C and exposed to Kodak XAR-5 film for 12-24h.

Screening of cDNA library

A total of 50 000 pfu from the catfish library (2.3x10°
pfu/ul) were screened using the 346bp PCR probe. Duplicate
nylon membrane (Bio-Rad) lifts were prehybridized at 50°C in
6x SSC, 5x Denhardt's solution, 0.5% SDS and 30ug/ml blocking
DNA for 4 h. The hybridization solution, consisting of 6x SSC,
0.5% SDS, and 30ug/ml blocking DNA was added to the [a-
32P]dCTP (Dupont) labeled probe (2.4x107 cpm/ml), and
incubated at 50°C for 14 h. The membranes were washed under
high stringency (0.1xSSC/0.1%SDS) for 50 min at 50°C, then



exposed to Kodak XAR-5 film for 7 days at -80°C. Isolated
single positive clones were cored and inserts rescued with in

vitro excision as to manufacturer's (Stratagene) instructions.

Determination of mRNA size and copy number using
northern analysis

Brains were obtained from Thai catfish (Clarius
macrocephalus) and African catfish (C. gariepinus). A gel

consisting of 1.2% agarose, 20mM MOPS, and 10.5ml

formaldehyde was prepared. Thai and African catfish brain poly

A+ mRNA (20ug each) were loaded onto the gel with Thai catfish

total RNA (20u1g) and RNA markers. After the samples were
electrophoresed in 1X MOPS buffer (20mM MOPS, pH 7.0, 5mM
NaC2H302, 2mM EDTA), the RNA was transferred to a nylon
membrane, dried at 80°C for 2h, and prehybridized in 25mM
KPQyg, 5x SSC, 10X Denhardt's solution, 50% formamide and
30pg/ml blocking DNA at 40°C for 3h. Hybridization
(prehybridization solution plus 5% dextran sulfate) was done
overnight at 40°C in a 10ml volume with the PCR generated
346bp probe labeled with [0-32P]dCTP. The membrane was
washed at 55°C successively in 2XSSC/0.1%SDS,
1XSSC/0.1%SDS, 0.5XSSC/0.1%SDS and two times in
0.1XSSC/0.1%SDS. The membrane was air dried and exposed to
XAR-5 film (Kodak) for 12h at -80°C.
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Results

Isolation and sequence of catfish grf/pacap cDNA

Four bands resulted from first round DNA amplification of
the Thai catfish cDNA library lysate with the two primers. Band
2 contained 346bp of the caffish grf/pacap clone. In three other
clones of band 2, sequences were found to be identical to the
first band. All other bands contained sequences without
similarity to GRF or PACAP.

The 346bp grf/pacap fragment was used to screen a Thai
catfish cDNA library. After three rounds of screening, two
positive clones (clones 3.51 and 1.44) were isolated from the
library (Figure 4.1). The catfish grf/pacap cDNA clone 3.51 was
2501bp and contained 6 distinct regions (Figure 4.2). The cDNA
consisted of the 5' untranslated (5'UTR) region, signal peptide,
cryptic peptide, GRF-like region, PACAP and the 3' untranslated
region. The 5'UTR, which is 321bp long, contains (T)n, (CT)n, and
(CA)n repeat sequences and has two possible ATG translation
start sites in positions 322bp and 490bp (Figure 4.2).
Immediately downstream of the catfish GRF-like peptide is the
portion of cDNA which encodes both PACAP1-27 and the
extended PACAP1-38. Cleavage at the first processing site
(Gly-Arg-Arg) of the preproGRF/PACAP precursor, at amino
acids 157-159, would result in a PACAP1.27nH2 form. Cleavage
at residues 168-170 (Gly-Arg-Arg) would produce a complete
PACAP{.3gNH2 peptide.
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Figure 4.1: Comparison of clones 1.44 and 3.51 coding for
gri/pacap cDNA. The addition of an extra adenosine in the
PACAP coding region of clone 1.44 is illustrated by an arrow on
the top line of nucleatide bases. The shift in reading frame for
one of the two clones is shown by the difference in amino acids
after the arrow. A dibasic processing site is present in both
clones at position 29/30 implying PACAP 1-27 could be
processed from both clones although the sequence differs from
amino acids 22 to 27. The full length clones for grf/pacap are
shown by box diagrams below the nucleotide sequence. The
shaded boxes represent in order, from the left: 1) S'UTR, 2)
signal peptide, 3) 5' cryptic peptide, 4) GRF-like peptide, 5)
PACAP, 6) 3'cryptic peptide, and 7) 3'UTR. In clone 1.44, the
two open boxes show the poly A+ binding protein and an unknown

mRNA connected to the truncated grf/pacap cDNA.
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Figure 4.2: Nucleotide sequence and deduced amino acid
sequence of Thai catfish grf/pacap cDNA. The boxed ATGs at
nucleotide positions 403-405 and 490-492 correspond to the
alternative translation initiation start sites. The nucleotides
in the UTRs are in small letters; the repeats are in bold. The

translated region is in bold capital letters.
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The second clone 1.44 was 6000bp and appeared to contain 3
mRNAs (Figure 4.1). The 5' sequence was identical to the
grf/pacap like cDNA clone 3.51 except that 1) only 1000bp were
present, 2) an additional adenosine was present within the
PACAP coding region, 3) the stop codon occurred prematurely in
the PACAP region, and 4) the 3'UTR was about 1500bp shorter
than clone 3.51. In clone 1.44 the second mRNA in the middle
portion of the clone was about 2500bp and coded for a poly A+
binding protein (Figure 4.1). The third mRNA within clone 1.44
was at the end of the clone. This portion of the clone was about
3450bp. A region of 753bp was sequenced, but did not match

sequences in the Blastn database.

Expression of grf/pacap mRNA as detected by PCR

The grf/pacap mRNA was detected not only within the brain,
but also in tissues external to the brain using a sensitive PCR
method to amplify the cDNA. grf/pacap mRNA was detected
only in the brain, testis, ovary, and stomach of the catfish
(Figure 4.3A). The grf/pacap cDNA was not detected in the
pituitary, muscle, liver or pancreas. The RT/PCR products from
the brain, testis, ovary and stomach were sequenced to verify
the presence of an authentic grf/pacap sequence. The cDNA
appeared to be of good quality as judged by the PCR products
obtained with the tubulin primers 5 and 6 (Figure 4.3B).
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Figure 4.3: Reverse transcriptase assay to detect the
grf/pacap mRNA in various tissues of Thai catfish. (A) Tissue
cDNA used for each reaction is as follows: lane 1, brain; lane 2,
pituitary; lane 3, stomach; lane 4, muscle; lane 5, testis; lane 6,
ovary; lane 7, liver; lane 8, pancreas; lane 9, positive control
(2501bp grf/pacap clone); lane 10, negative control. (B)
Tubulin detected by a reverse transcriptase/PCR assay to
determine the quality of MRNA/cDNA for the assay in Fig. 4A.
The lanes contained the cDNA/MRNA as above except lanes 9 and
10, which contained the herring brain cDNA and tubulin clone

(positive controls), respectively.
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mRNA size as determined with northern blot analysis

A northern blot of Thai catfish and African catfish poly A+
rich mRNA and Thai caffish total RNA was screened using the
346bp probe. After several high stringency washes, the
northern blot had three bands in the Thai catfish lane, two bands
in the African catfish lane, and a single band in the lane
containing the Thai catfish total RNA (Figure 4.4). The largest
band in each lane is approximately 6000 bases and probably
represents co-migration of the grf/pacap mRNA with 28S
ribosomal mMRNA. The second band in each lane is approximately
2500 bases followed by a single band of 1000 bases in the Thai
catfish poly A+ mRNA lane. The 18S ribosomal RNA migrated at

2000 bases and did not align with any of these other bands.
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Figure 4.4: Northern blot analysis of African and Thai catfish
poly A+ rich mRNA. Migration of the 18S and 28S rRNA is
indicated on the right. The top arrow on the left is 2500bp and

the lower arrow indicates 1000bp.
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Discussion

Catfish ¢cDNA shows PACAP is highly conserved

| have isolated from Thai catfish brains the cDNA encoding a
single precursor containing both GRF-like and PACAP peptides.
The deduced amino acid sequence of the catfish PACAP1.3g is
86% identical to the human sequence, whereas the catfish GRF-
like peptidei.45 is only 31% identical to human GRF. The
evolutionary aspects of these observations are important as the
conservation of the pacap nucleotide sequence suggests an
important role for this molecule. The origin of the mammalian
gene that encodes PACAP is clearly rooted in fish, but the origin
of the second gene in mammals encoding only GRF is more
elusive. If the present fish study is coupled with the chicken
study, it is clear the duplication event of the pacap gene
occurred after the reptilian-bird stem line separated from the
mammalian line. The implication of both studies is that the grf
coding region had a higher nucleotide substitution rate than the
pacap gene and evidence in mammals supports this idea
(Sherwood et al. 1994).

Catfish grf/pacap mRNA is expressed in brain, gut and
gonads

The catfish and chicken data are the first, for vertebrates
other than mammals, that the mRNA encoding both the GRF and

PACAP peptides is expressed not only in the brain, but also in



the ovary and testis. The expression within the
gastrointestinal tract is peculiar to catfish. Tissue-specific
expression was not present in pituitary, pancreas, muscle or
liver. In evolutionary terms, this expression pattern is similar
to the expression of the mammalian grf and pacap genes.
Mammalian grf mRNA expression is reported for the
hypothalamus, testis, ovary and placenta. To date, studies of
mammalian pacap mRNA have been limited to the brain and
testis; expression was found in both tissues. This supports the
idea that the separate mammalian grf and pacap genes resulted
from a duplication of an ancestral grf/pacap gene in ancestral
mammals. Cross-reactivity studies have detected both
mammalian peptides in gastrointestinal tissue (and PACAP in
several other tissues) (Arimura 1992), but immunological
detection is less specific than mRNA expression, provided the
mRNA (cDNA) is sequenced. The importance of the vertebrate
PACAP and GRF peptides in gonads and gastrointestinal tract is
not yet clear, but GRF is known to act directly on the ovary to
promote follicular maturation (Moretti et al. 1990). [t remains
for another study to systematically measure mRNA expression
for GRF and PACAP in a variety of mammalian tissues to
compare the pattern of tissue expression for grf/pacap mRNA

in fish and chicken.



Catfish GRF is not well conserved in the GRF family

The functional importance of the GRF peptide present in the
catfish precursor is more tenuous than that of PACAP based on
reduced structural conservation. The GRF peptide has sequence
similarity to both growth hormone-releasing hormone and
PACAP-related peptide (PRP). The catfish GRF peptide has 64%
identity to the recently identified salmon GRF-like peptide, 58%
identity to the carp GRF peptide, 38% to human PRP, and 31%
identity to human GRF. This divergence among species is not
surprising because the GRF sequence is not highly conserved,
even between the human, rat and mouse. The identity between
the catfish and salmon GRF peptides is 64%, not unlike the 66%
sequence identity between human and rat. The critical
comparison, however, may be the biologically active part of the
molecule, amino acids 1-29. The sequence of catfish GRFi.29 is
38% identical to human GRFi.209 and 56% identical to human
PRP1.29.

GRF cleavage at N-terminal is important for function
The catfish GRF/PACAP precursor has two potential cleavage
sites for the amino terminal of the GRF-like peptide (Figure
4.2). Cleavage at a threonine, which is part of a 4-amino-acid
processing site (Nagamatsu et al. 1991) would result in a
peptide like the carp and salmon GRF-like peptides of 45 amino
acids with a free hydroxyl carboxy terminus. Cleavage at the

Arg-Arg site found 4 amino acids upstream (Arg-Arg-Ala-Glu-



Thr) is a second possibility. If the threonine cleavage site is
used, the catfish GRF-like peptide would have histidine at
position 1. The Hisq is identical to GRFs in rat, mouse, carp and
salmon, but is unlike other mammalian GRF peptides that have a
tyrosine at position 1. If the Arg-Arg site is a processing site,
the first amino acid would be alanine, a non-aromatic amino
acid. The conservation of an aromatic amino acid such as
histidine at position 1 retains the biological activity of GRF;

removal diminishes the potency (Ling et al. 1984).

Catfish grf/pacap cDNA encodes three possible
translation start sites

Conservation of sequence is not evident in the 5' untranslated
region (UTR) among 3 mammalian, 1 avian and 2 picsine cDNAs
for the grf/pacap precursors. However, the catfish 5 UTR of
321bp is similar to the human and chicken cDNA in having two
possible translation start sites (positions 322 and 490) (Figure
4.2). Catfish and chicken 5'UTRs also contain T, (CA)n, and (CT)g
repeats: the latter repeat sequences have been shown to have a
distinct role in chromatin structure and transcriptional
activation (Lu et al. 1993). The (CT)n repeats appear to
contribute to the formation of a wild-type chromatin structural
array that leaves the gene elements in a nucleosome-free,
DNAse [-hypersensitive state. This nucleosome-free structure
allows regulatory sequences and the promoter/transcriptional

start site of the gene to be in an accessible conformation.



Figure 4.5: Amino acid comparison of two teleost, an avian
and a mammalian preproPACAPs. Identical residues are shown
by blank spaces and "---" is used to frame shift for better

amino acid alignment of the sequences.
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As with other known grf/pacap cDNA sequences, translation
is believed to be initiated at the first ATG. |[f the precursor is
cleaved between amino acid positions 23 and 24, the catfish
signal peptide would be one amino acid shorter than the human,
chicken and ovine and one residue longer than the salmon signal
peptides. Amino acid similarity of the catfish signal peptide is
quite high compared with salmon (87%), ovine (58%), and human
(57%) PACAP signal peptide sequences (Figure 4.5). However,
another initiation start site which has higher identity to
Kozak's (1991a; 1991b) consensus sequence (GCCA/GCCAUGQ)
was found at position 490bp (Figure 1). Only the first start site
(position 322) possessed a guanine in the +4 position; this
nucleotide is found in 47% of the reported mRNA transcripts. If
translation were initiated at either site, the resulting signal
peptides would fulfill the criteria of a signal peptide: 1) proper
length (23 and 26 residues), 2) amino terminal region of the
signal peptide with at least one positively charged residue, 3)
hydrophobic core, 4) cleavage site preceded by a sequence of
about five residues that are more polar than the hydrophobic
core and 5) cleavage site with small neutral side chain residues
at the amino-terminal side. These rules of translation suggest
initiation is equally likely to occur at either position along the

mRNA sequence.



Tetraploid catfish express two different grf/pacap
cDNAs

One of the two positive clones recovered from the cDNA
library, clone 1.44 of 6000bp was unusual compared to clone
3.51 of 2501bp (Figure 4.1). The 6000bp clone contained coding
regions not only for a grf/pacap protein (1000bp), but also for a
poly A+ binding protein (=2500), and for an unknown sequence
(=2500bp). The significance of the poly A+ binding protein and
the unknown mRNA region is unclear and may be due to a cloning
artifact. The 1000bp segment of clone 1.44 coding for
pacap/grf peptide was identical to clone 3.51 in the coding
region for the GRF peptide, but differs in the PACAP coding
region by 1 nucleotide and was shorter due to the lack of an
extended 3'UTR (Figure 4.6). This shortening of the 3'UTR may
explain the presence of the 1000 base band in the northern
analysis even though a clone for only 1000bp was not isolated
from the catfish library. An extra adenosine in the catfish
PACAP coding region of clone 1.44 resulted in a frame shift in
which the coding for the processing site of PACAP4.38 was
missing. However, like the cDNA of other PACAP peptides, a
dibasic processing site (Gly-Lys-Lys) was present at residues
28-30 of PACAP and cleavage here would result in a modified
PACAP{.27nH2 (Figure 4.1). One explanation for the two

distinct mRNA transcripts is that they are products of two
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genes due to the tetraploid nature of catfish. One gene produces
only an altered PACAP{.27 of unknown significance, whereas

the other gene produces conventional PACAP1.27 and PACAP.

38-
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Chapter 5

Origin of the glucagon superfamily as determined from

two protochordate genes encoding pituitary adenylate

cyclase-activating polypeptide (PACAP) and related
family members.
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Summary

To address the origin of the glucagon superfamily, | isolated
and sequenced the cDNA and partial gene that encode pituitary
adenylate cyclase-activating polypeptide (PACAP) from a
protochordate (tunicate), a sister group of the amphioxus and
vertebrates, but one that evolved before the amphioxus. This is
the first report of any superfamily member sequenced from an
invertebrate. Transcription of the tunicate pacap gene results
in a mRNA that is 507bp. The gene contains 3 exons that encode
a signal peptide, GRF-like peptidei.o7 and PACAP;.27; the
tunicate GRF-like peptide has 59% identity with human GRF. The
deduced amino acids of tunicate PACAP{.o7 have 96% identity
with the ovine, human and salmon PACAPi.o7 forms. Another
cDNA clone was isolated and encodes a signal peptide, a cryptic
peptide, a glucagon-like peptide (59% identity with human
glucagon) and a vasoactive intestinal polypeptide (VIP)-like
molecule with 67% identity to human VIP. A comparison of the
two clones shows high inter- and intra-exon nucleotide
sequence identity. Sequence analysis suggests that an exon
duplication followed by a gene duplication was responsible for
the origin of the two genes. It is argued that these two genes
are derived from the protochordate ancestral genes that led to

the vertebrate forms of GRF, PACAP, VIP, PHM and glucagon.



Introduction
Over the past century, studies on protochordates

(tunicates/sea squirts) have increased our understanding of

chordate phylogeny (Garstang 1928; Berril 1955). Protochordate

maturation consists of a two step process involving a motile
juvenile stage followed by morphogenesis to a settled stage
when the organism matures. The Garstang theory postulates
that vertebrates arose when an ancestral relative forewent
settling and became reproductive within the larval stage (Satoh
and Jeffery 1995). Thereafter, this neotenous motile organism
became reproductive and possibly gave rise to the ancestral
cephalochordates (amphioxus) and vertebrates. This theory
helps us to understand physiological features of vertebrate
development and evolution. However, the evolution of the
nervous system, in the transition from invertebrates to
vertebrates, is not clearly understood. The origin of such
features as the forebrain and pituitary in vertebrates still
remain unknown because organisms that contain the primordial
structures are lacking.

In comparison to present day vertebrates, the protochordate
nervous system is simple, consisting of a neural gland, neural
ganglion (brain) with nerve roots innervating the branchial sac
and viscera and a well developed nerve plexus associated with
the dorsal strand. The processes of the dorsal strand plexus go

to the dorsal blood sinus, the brain and various internal organs
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(Bullock and Horridge 1965; Ruppert EE 1990; Gorbman A 1995;
Mackie GO 1995).

To understand the evolution of the nervous system, one
approach is to compare the structure and location of
neuropeptides in protochordates and mammals. However,
limited structural data exists in general for genes, cDNAs and
proteins with homology to their mammalian counterparts.
Studies have shown that protochordates produce neuropeptides
that cross-react with antiserum raised against mammalian
peptides (Thorndyke and Goldsworthy 1988) including LHRH,
somatostatin (Fritsch et al. 1982), and neurotensin-like
peptides (Fritsch et al. 1982). Also, glucagon (Pestarino 1990)
and aMSH (Pestarino and Facchinetti 1995) immunoreactivity
have been detected within the protochordate Ciona intestinalis.
In the tunicate Ciona intestinalis, cross-reactivity is detected
in the nervous system and alimentary tract with antiserum
raised against mammalian insulin (O'Neil et al. 1986; Ebberink
et al. 1989; Galloway and Cutfield 1988), neuropeptide Y
(Pestarino 1992; Fritsch et al. 1982), PHI (Pestarino 1993), VIP,
secretin and pancreatic polypeptide (Fritsch et al. 1982).
Evidence relating to immunocytochemical localization, tissue
expression and nucleotide and amino acid sequences of
protochordate genes and peptides, should clarify aspects of the
evolution of the vertebrate nervous system. To date, the
sequence of 2 protochordate neuropeptides with identity to

their mammalian counterparts have been isolated.
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Immunocytochemical evidence initially showed a gonadotropin-
releasing hormone (GnRH)-like peptide was associated with
tunicate neural structures (Georges and Dubois 1980; Kelsall et
al. 1990). Mackie (1995) showed that immunoreactive GnRH
cells form a neural plexus surrounding the dorsal strand.
Determination of the peptide sequence of two forms of GnRH
made it possible to prepare synthetic forms of GnRH (Powell et
al. 1996). Injections of these two tunicate GnRH forms resulted
in an increase in the content of estradiol in the gonads
(Sherwood, Rivier and Mackie, unpublished observation). Hence,
a separation of approximately 650 million years (Doolittle et al.
1996) did not obscure the origin of GnRH in that the tunicate
GnRH has sequence identity (60%) and a conserved function to
that found for mammalian GnRH.

As mentioned in Chapter 1, the human glucagon superfamily
is composed of GRF (Rivier et al. 1982; Guillemin et al. 1982),
glucagon (Thompsen et al. 1972), secretin (Carlquist et al.
1985), VIP (ltoh et al. 1983), GIP (Brown 1971) and PACAP
(Miyata et al. 1989). PACAP, the newest family member, was of
particular interest to me because 1) the nucleotide and amino
acid sequence is highly conserved among mammals, birds and
fish and 2) in addition to its role as a releaser of pituitary
hormones, it appears to have a role as a growth factor in
developing nervous systems (DiCicco-Bloom 1992; Robberecht
et al. 1994; Pesce et al. 1996; McRory Chapter 3). It is assumed

that these family members share a common ancestor based on



similar amino acid sequences and intron/exon structure
(Campbell and Scanes 1992; Sherwood et al. 1994). The
hypothesis that extant superfamily members originated from a
common ancestor was speculative because structural evidence
was not available. To investigate the origin of the glucagon
superfamily, | used molecular techniques to determine PACAP's
nucleotide sequence and tissue expression within the
protochordate Chelyosoma productum. This chapter reports the
structure of two protochordate genes and cDNAs in which gene 1
encodes a GRFi.o7-like peptide and PACAP{.o7 and gene 2
encodes two peptides with amino acid sequences similar to

glucagon and VIP.
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Materials and Methods

Construction of cDNA library

Tunicates (Chelyosoma productum) were dissected from their
tunic. The dorsal internal organs, mainly the neural ganglion,
neural gland and dorsal strand were separated from the gonads,
gut, and branchial basket. These dorsal organs were placed
immediately in liquid nitrogen and stored at -80°C. Total RNA
was extracted with an acidic guanidinium thiocyanate method
(Chomezynski and Sacchi, 1987) and poly A+-rich mRNA was
purified with the Poly Attract System (Invitrogen). The cDNA
library was constructed with the UNI-Zap-cDNA synthesis kit
(Stratagene) and Gigapack packaging mix.

Amplification of tunicate grf/pacap cDNA by PCR

DNA was amplified using a cDNA library lysate and the
degenerate primers PA-1 (5'-cattcggatgggatcticacggatag) and
3'-PA (5'-catgtttggacagaacacaacgtgagcg). First round
amplification was done in a 50ul volume reaction that
contained 0.2ug cDNA, 5U Taq, 1x Taq buffer (Pharmacia),
200mM dNTP's, 2mM MgClz, 20 pmol of primers PA-1 and 3'-PA
with 40 cycles at 94°C for 1.5 min, 45°C for 2 min, 72°C for 2.5
min. PCR reactions were electrophoresed on a 2% agarose gel.
The cDNA in the bands from the gel was cloned into pBluescript
KS+ (Stratagene) and the resulting plasmids were

electroporated into XL-1 Blue (MRF') competent cells, and
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prepared for sequencing with an alkaline hydrolysis method
(Birnboim, 1983). Both strands of the plasmid were sequenced
with [¢-35S] dATP using the chain termination method (Sanger
et al. 1977) with Sequenase 2.0 (US Biochemical Corp.) and Vent
(exo-) (New England Biolabs). All sequencing gels were 6%
polyacrylamide/7M urea wedge gels, dried under vacuum at 80°C

and exposed to Kodak XAR-5 film for 12-24h.

Tissue assay by reverse transcription/PCR

Messenger RNA was isolated from the following tissues:
neural gland, dorsal strand/neural ganglion, gonad,
gonad/digestive gland, intestine, heart, tunic, and branchial
basket. Single stranded cDNA was synthesized from 0.5ug mRNA
for each tissue using 200U avian reverse transcriptase (H-
Superscript reverse transcriptase, BRL), 10mM dithiothreitol,
1imM each dNTP, 160U RNA guard, 2mM oligo dTog, and 1X H- RT
buffer to a total reaction volume of 20ul. The reaction
proceeded for 90 min at 41°C followed by 5 min at 90°C. DNA
amplifications were done in a 50ul volume that contained 0.5ug
cDNA, 1x Taq buffer (Pharmacia), 200uM dNTP's, 1.5mM MgCl2
and 20pmol of each primer. The pacap-specific primers were
Tun 3, (5'-tacactgg attgtcttggccgee) and Tun 4 (5'-cgctcag
catgagttctgtc) and the vip-specific primers were Tun 5 (5'-
gacggtaacgattcttatge) and Tun 6 (5'-gcctaacagatagcctagtc). All
reagents, except the Taq enzyme, were mixed, layered with

mineral oil, and heated to 95°C for 5 min. The mixture was



frozen rapidly in a dry ice/ethanol bath and 5U Tag DNA
polymerase (Promega) was added. The tubes were replaced in
the preheated 95° thermal cycler where 40 cycles at 95°C for 1
min, 55°C for 2 min, and 74°C for 1.5 min were completed.
Tubulin PCR amplifications were in a 50ul reaction that
.contained 0.5ul cDNA from each tissue, SU Taq DNA polymerase,
1x Taq buffer (Pharmacia), 200uM each dNTP, 3mM MgCl,, and
20pmol of each tubulin primer (Chapter 4). The reactions were
carried out for 35 cycles of 94° for 1 min, 55° for 1.5 min, and

72° for 1.5 min.

Screening of cDNA library

A total of 5x104 pfu from the tunicate library was screened.
Duplicate nylon membrane (Bio-Rad) lifts were prehybridized at
50°C in 6x SSC, 5x Denhardt's solution and 0.5% SDS for 4 h. The
hybridization solution consisted of 6x SSC and 0.5% SDS to
which the probe was added. The probe was a 163bp product
amplified by PCR with primers PA-1 and 3'-PA. The probe was
labeled with [0-32P]JdCTP (7.8x106 cpm/ml), and the membranes
and the probe were incubated at 50°C overnight. The membranes
were washed under high stringency (0.1xSSC/0.1%SDS) for 50
min at 65°C, then exposed to Kodak XAR-5 film for 5 days at

-80°C. Isolated single positive clones were cored and inserts

rescued with in vitro excision.
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Genomic DNA amplification

High molecular weight tunicate genomic DNA was extracted
after Proteinase K (Sigma) treatment by successive
phenol:chloroform:isoamyl alcohol (24:24:1) washes, and
dialysis against 0.01M Tris-HCI/EDTA (TE). Primers to the &'
untranslated region (UTR) and 3'UTR of the tunicate pacap (Tun 3
and 4) and vip (Tun 5 and 6) cDNAs were used in the
amplification of the tunicate genes. Amplifications were done
in a 50ul volume (1.0ul DNA, 5U Taq, 1x Taq buffer (Pharmacia),
200uM dNTP's, 2mM MgCl2, 20 pmol of each primer) with 40
cycles at 94°C for 1.5 min, 45°C for 2 min, 72°C for 2.5 min.
The reaction was electrophoresed through a 1.5% agarose gel. A
band was cloned into pBluescript KS+ (Stratagene); the plasmid
and insert were electroporated into XL-1 (MRF') competent
cells; and the extracted DNA was prepared for sequencing with

an alkaline hydrolysis method (Birnboim, 1983).

Zoo blot and Southern analysis

For the zoo blot, DNA (10ug) was prepared from rat (Rattus
norviegus), starling (Sturnus vulgarus), chicken (Gallus
domesticus), alligator (Alligator mississippiensis), salmon
(Oncorhynchus nerka), catfish (Clarias macrocephalus), reedfish
(Calamoichthys calabaricus), tunicate (Chelyosoma productum),
urchin (Strongylocentrotus purpuratus), Drosophila (Drosophila

melanogaster), yeast (Saccharomyces cerevisiae), and bacteria
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(Escherichia coli). DNA for the zoo blot and Southern blot
(tunicate DNA only) were digested to completion with Eco Rl and
electrophoresed in a 0.8% agarose gel. The DNA was transferred
as to manufacturer's (Bio-Rad) specification for the alkaline
Zeta-Probe GT membrane. Prehybridization was in 7% SDS, 0.5M
NaHPOg4, and 1M EDTA at 65°C for 15min. Hybridization was
overnight (14hr) at 65°C in fresh prehybridization solution plus
the 163bp probe labeled with [¢a—-32P]dCTP. The hybridized
membranes were rinsed with 5%SDS, 40mM NaHPQO4, 1mM EDTA
and then washed for 45min at 45°C with fresh solution. The
wash solution was then changed to 1% SDS, 40mM NaHPQ4, 1mM
EDTA and washed twice for 45min at 65°C with fresh solution.
After washing, the membrane was sealed in plastic and exposed

at -80°C for 8 days to Kodak BIOMAX film.

In situ hybridization of tunicate grf/pacap and
glucagon/vip mRNA

Localization of the tunicate grf/pacap or glucagon/vip
mRNA in sections from the neural ganglion of Cheylosoma
productum was done by in situ hybridization using a digoxigenin
(DIG)-labeled tunicate insulin RNA probe. All RNA probes were
synthesized, purified, and tested as to the manufacturer's
(Boehringer Mannheim) instructions. The changes in protocol for
fixation, prehybridization and hybridization are listed below.
The tunicate neural gland and ganglia were dissected and pinned

on Sylgard coated dishes and fixed for 3 h in 4%
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paraformaldehyde in phosphate buffered saline (PBS) (pH 7.4).
The fixed tissues were washed in PBS and soaked overnight in
30% sucrose. Tissue was embedded in O.T.C compound, then
sectioned (10um ) and allowed to dry on poly-L-lysine coated
slides. Sections were fixed again in 4% paraformaldehyde for 5
min, washed 3 X in PBS (5 min each) and placed for 10 min in 2 X
SSC. Prehybridization was in 2 X SSC for 2 h at room
temperature. This solution was exchanged for the hybridization
solution that consisted of 2 X SSC with a DIG-labeled RNA probe
diluted 1:200. The hybridization solution was incubated
overnight at 42°C. The sections were washed with SSC (0.5 X
SSC) followed with 2% normal goat serum in TBS buffer for 30
min at room temperature. The remaining steps, involving the
anti-digoxigenin antibody and the substrate detection, were

performed as to the manufacturer's instructions.
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Results
Isolation of the tunicate grf/pacap and glucagon/vip
mRNAs

| have isolated a cDNA that encodes for PACAP .57 from a
tunicate cDNA library. Encoded within the pacap cDNA is
another peptide that could be a GRF-like peptide (59% identity
to human GRF) or glucagon-like peptide (63% identity to human
glucagon). However, with GRF as the 5' adjacent peptide in
preproPACAP in birds and fish, the peptide in the same position
tunicates is most likely a GRF-like peptide and not glucagon.
Another clone, distinct from the pacap clone was isolated from
the tunicate cDNA library. This clone, which encodes a VIP-like
peptide (67% identity to human VIP) and glucagon-like peptide
(59% identity to human glucagon), was not the same as the
pacap cDNA clone because of nucleotide changes in the exons,
the presence of a region encoding a cryptic peptide, and
differences in the introns of the two isolated genes.

For isolation of the tunicate pacap mRNA, two primers, PA-1
and 3'-PA, were used with the PCR to amplify a 163bp fragment
that encoded only tunicate PACAP and 57bp of the
3'untranslated region. This clone was used to screen a tunicate
cDNA library. After screening 5x104 pfu from the library, |
found 15 plaques that hybridized to the radioactive probe. Of
the 15 clones that hybridized to the probe, 10 were purified.
These clones were removed from the phage with in vitro

excision, purified and sequenced. It was determined that all
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clones were identical and all coded for tunicate GRF;.
27/PACAP o7 (Figure 5.1A) The remaining 5 phage DNA clones
that hybridized to the probe were purified and one encoded a
different cDNA. One exon has identity to human glucagon (59%
identity) and the other exon to human VIP (67% identity) (Figure
5.1B). Therefore, tunicates contain two different mRNAs; one
encodes tunicate PACAP4.o7 named because of the 96% identity
to the mammalian PACAP.o7 protein. The other clone was
referred to as a tunicate glucagon/vip cDNA because it had
sequence characteristics similar to human glucagon and VIP.
The tunicate grf/pacap cDNA clone was 507bp long and
encodes a signal peptide, a GRF-like peptide;.o; and PACAP4.27;
no other proteins are encoded. The tunicate cDNA does not
encode the longer version of PACAP.3g or the GRF-like peptide

of 43-46 amino acids.
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Figure 5.1: Nucleotide and deduced amino acid sequences of
the tunicate grf/pacap and glucagon/vip CcDNA clones. (A)
shows the 507bp tunicate grf/pacap cDNA and (B) shows the
tunicate 883bp glucagon /vip cDNA. The primers used for the
expression study are underlined or overlined in the sequences
and shown on the box diagrams. Coding regions are indicated by
boxes and 5' and 3' untranslated regions by thin lines. The box
with horizontal lines encodes the signal peptide and the white
box encodes a cryptic peptide. In box diagram A, the diagonally
striped box encode GRF-like peptide and the vertical lined box
encodes PACAP. In box diagram B, the diagonally striped box
encodes a glucagon-like peptide and the box with vertical lines

encodes a VIP-like peptide.
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TCC GAT GGG ATA TTC ACA AGT GAT TAT CGG AGG TAC CTC GGG CAA CTG AGT GCT CAA AAAR 465
s D G I F T s D Y R R Y L G Q L S A Q K 95
TTC CTG CAA TGG CTT ATG AAG CGC CAC TCG GAT GGG ATC TTIC ACG GAC AGC TAT AGC CGC 525
F L Q W L M K R BE 8 D G I F T D S8 Y 8 R 115
TAC CGG AAT CAA ATG GCT GTT AAG ARA TAC ATA AAC GCA CTG CTT GGG AAA AGG TAT AAR 585
Y R N ¢ M A VvV K K Y I N A L L 6 K R Y K 135
CAA AGG TAA agaaacaatggacgcaattttaccaaaggcttacatataasattttaacgcaccaccgactaggctat 662
Q R = 138
ctgttaggcgggagagataaagtatttacctcgacatttaattcatctatctacatgtaacgagagaacacttcatgage 742
gcgttataatcgttacgtggaaatacattataaacaattacggegettataaacaggggettgeceggagececegtatta 822
ttatttataaaatttceggatataaaagtgtttacgttasaaacagttatatattttaasaa 883
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The tunicate glucagon/vip mRNA isolated was 883bp encoding a
signal peptide, cryptic peptide, glucagon-likei.o7 peptide, and
VIP-like .27 peptide. Encoded within the tunicate glucagon/vip
cDNA sequence, but not found in the tunicate grf/pacap cDNA
are 159 nucleotides that encode a 53-amino-acid cryptic
peptide, if the first ATG start site is assumed to be the correct
one. However, if the third ATG start site is correct then a
cryptic peptide does not exist, but the S'UTR is longer. The
tunicate glucagon-like peptide has amino acid identity (30-59%)
to all superfamily members in humans (Table 5.1).

The two cDNAs are very similar in sequence. The nucleotides
in the coding regions for the tunicate PACAP{.27 and VIP{.27-
like proteins are 93% identical, that is only 6 bases are
different. ldentity of the tunicate PACAP amino acids to other
members of the glucagon superfamily ranges from 96% with
human PACAP to 22% for human GIP (Table 5.1).

Isolation of the tunicate grf/pacap and glucagon/vip
genes

The partial tunicate grf/pacap gene isolated was 1590bp
long and encoded three exons, as deduced from the cDNA (Figure
5.2). Located on the first exon is the 5'UTR and the signal
peptide. The second exon encodes GRF-like peptide and the third
exon encodes PACAP+.07. No exon encoding a cryptic peptide
was found between the signal and the bioactive peptides in the

14 cDNA clones isolated. This is a similar intron/exon



Figure 5.2: Nucleotide sequence of the partial (1590bp) tunicate
grf/pacap gene. PCR using primers directed to the 5' and 3'
untranslated regions were used to amplify the gene. The exons are
in bold print and have the encoded amino acid listed below. The
region of intron 1 that has high sequence identity to exon 2 of the

glucagon/vip cDNA clone is underlined.
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TACACTGGATCTCTTGGCCGCC ATG GCC AAG TCA AGT GGG GCG ACC CTC GCC CTC CTA ATT TAC
M A K s s G A T L A L L I Y

GGA ATC ATT ATG AGA TAC TC gtggcaaaaacgctttatatatttcgcgcgatcgtacgtacgtacatcgcgta
G I I M R Y s

cccggggcatcgatcgtttcaactacgtttactactattetttatttegetattttecgggetatttcggetttgegattt
atattatttactatttactattcggtticcgggtatatactttctatteggttggeceectttacatectettacLagett
atttcgatcgacagtttacgatacecttgacaacgetatttatogacggtaacgattettatgectaattaccacaaaacttgg
cttrtoacgagcateaaaatcaaataacgattcecccatatgaggcggacgacgggagacactttatactacecccecegge
gttagtcttgggtatarctatcacttactteccggtctcectctctatcacaacacggggettattacaccecggetttgecact
cgcgegtatgettcgateggegacecgtcactgattgattgatcgatcaatttggatcgacgtgtattttttetccaactt
Titatataatataacggcaccecgetgatcgecttatgecgatgeggegatctataacececccaaaattcgggegeatettta
cacacacgggaaacgatcgggcgcgecgaegggecgggacctatactacectaccgaaaccaaatgcececcttaccaacgactta
cecttattecgggatcgaactctictctattcectcrtetetetetcgegegegatcgattataaaaaacgaatcgatgeta
cectitacgatccgatatittittcgategategggggaaacgatcgatecggatattgggetattacgatecgtacgatget
accatggcatattattatcacacgggtttcetaactaccgcatcgecgatggttgtgggctatttggggtatcttaattata

cgtatcgcgatgcattttttgecag C CAC TCC GAT GGG ATA TTC ACA AAA GAT TAT CGG AAG TAC
H S D G I F T K D Y R K Y

CTC GGG CAA CTG CGA GCT CAR ARA TTC CTG CAA TGG CTT AT gtaatttaccatttegceggegegat
L 6 ¢ L R A @ K F L Q@ W L M

ttatatcggecratcgtacctatctagegegetacgattatatatataaaaacggggtttttcggegegeggetctatege
tcttecttecgtgatatgeggacticctggttaaattttattattecgggctgatgegegctattatattatattttegatceg
ggcgatttaaaacactttegtttcteectategtacgtegtattegggagecatcgettatecgtecggggegegegecaaata

tcgrtgggetttaatggettatettcttag G AAG CGC CAC TCG GAT GGG ATC TTC ACG GAC AGC TAT
K R H s D G I F T D S Y

AGC CGC TAC CGG AAT CAA ATG GCT GTT AAG AAA TAC CTG GCG GCA GTIG CTT GGG AAA AGG
s R Y R N Q M 2a v K X Y L A A V L G K R

TAT AAA CAA AGG TAA AGAAACAATCGACGCAATTTTACCAATATAAAATTTTAACGCACCACCGACTAGGCTATC
Y K Q R *

64
14

137
21

217
297
377
457
537
617
697
777
857
937
1017

1082
34

1148
48

1228
1308
1388

1455
60

1515
80

1590
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TABLE 5.1:

comparison to the human members of the glucagon superfamily.

HUMAN
PACAP
VIP

PHM

GRF
glucagon
secretin
GIP

PRP

Percent identity of the four tunicate peptides in

TUNICATE

PACAP_ GRF-like _glucagon

96 48 85 48
67 37 67 37
70 33 74 37
33 59 37 59
30 63 30 59
37 41 41 44
22 26 22 30
22 44 26 48
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structure as found in the genes encoding mammalian glucagon,
GIP, secretin and GRF in that a cryptic peptide exon is not &' to
the hormone-encoding region

However, within the first intron of the grf/pacap gene,
nucleotides exist (position 295-457) that have a high identity
(93%) with the encoded glucagon/vip cryptic segment (Figure
5.3). In addition, a partial tunicate glucagon/vip gene of
1435bp was isolated and as deduced from its cDNA clones
contains four exons (Figure 5.3). The four exons contain
nucleotides encoding a signal peptide, a cryptic peptide,
glucagon-like peptide, VIP-like peptide and a 3'UTR. Unlike the
grf/pacap mMRNA, the tunicate glucagon/vip gene encodes a
cryptic peptide. The nucleotides encoding the cryptic peptide
have high sequence identity to nucleotides within intron 1 of
the grf/pacap gene. These base pairs in the glucagon/vip
cryptic peptide region are 93% identical to the nucleotides of
intron 1 of the grf/pacap gene, but corresponding intron/exon

splice sites are not found in the grf/pacap gene.

Three putative start sites for the glucagon/vip
prepropeptide

There are 3 ATG codons that are potential start sites for the
glucagon/VIP prepropeptide (Figure 5.3). If the first ATG is the
correct start site, the propropeptide is as described above and a
cryptic peptide is encoded. The second ATG site would mean

that the 5'UTR is longer and the cryptic peptide is shorter than



the first prepropeptide. The third ATG site would result in the
longest 5'UTR and loss of a cryptic peptide compared to the

other possible preprohormones.

Tissue expression of tunicate grf/pacap and
glucagon/vip mRNA by a PCR method

A sensitive PCR detection method for the presence of
tunicate grf/pacap and glucagon/vip in various tissues was
developed. For each cDNA clone, primers Tun 3 & 4 and Tun 5 &
6 (Figure 5.1A and B) were designed for the §' and 3'
untranslated regions. These regions were distinct and allowed
the specific detection of either grf/pacap or glucagon/vip
mRNA/cDNA. Reverse transcribed cDNA of various tunicate
tissues was amplified with clone-specific primers and the
results are shown in Figure 5.4A and 5.4B. Tunicate grf/pacap
mRNA was detected specifically in the neural ganglion and the
reaction containing the tunicate gonad, gonad/digestive gland,
intestine, heart, branchial basket, negative control or the
reaction containing the tunicate glucagon/vip clone. Tunicate
glucagon/vip mRNA was detected (Figure 4b) in the neural
ganglion, dorsal strand, the intestine, and the reaction
containing the tunicate glucagon/vip cDNA (positive control).
No bands were detected in the lanes containing the mRNA/cDNA
from the neural gland, gonad, gonad/digestive gland, heart,
branchial basket, negative control, or the lane containing the

tunicate grf/pacap clone.

158



Figure 5.3: Nucleotide sequence of the partial (1105bp)
tunicate glucagon/vip gene. The nucleotides for introns are
shown in lower case and for exons in upper case. The translated
amino acids are shown below their respective nucleotides. Both
the amino acids and nucleotides are numbered on the right. The
three possible start site ATG codons are boxed. The GRF-like
peptide includes amino acids 75-101 and PACAP is amino acids
104-130. the cleavage sites (KR) between GRF and PACAP and
at the end of PACAP are shown.
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GACGGTAACGATTCTTATGCTAATTACCACAAAACTTGGCTTTTGTGAAGGACATCAAAATCGAATAACAATTCCCCAT

ATG|CTC GCT ACG ACG GGG AGT ACT TTA GCA CTT CTT CCC GGC GTT GTG TCA AAT ACA AGA
M L A T T G 8 T L A L L P G VvV Vv 8 N T R

AT gtggcaaaagcgtttatatatttcgegegegatcgetacgtacgtacatecgegtacecgggeategtacgetttcaa

atacctttactactattctttattcgetattagegggetattteggettitcgegatttatattatttattatttactate

cggrttcggtatatatatatatacggttggecccctttatatatctcatatcaactag € TCG ATC GAC GTT TGC
S I D v [+

GAT ACC TGG ACA ACG CTT CTT| ATG|CTA ATT ACC ACA AAA CTT GGC TTT GTT GAA GGA CAT
D T w T T L L |M L I T T K L G F v B G H

CAA AAT ACG ATA ACA ATT CCC CAT| ATG|AGG CGG ACG ACG GGG GCA ACT TTA TGG TAC GIC
Q N T I T I P = M R R T T G A T L w Y v

CCC GGC GAT GTG TAC AAT AAG AG gttagtcttggtatatatatcaccatgtgtatattttttttagcatgcg
P G D v Y N KX R

ggcgatgctgtgaaaacggcggcatgggaaaaaaaaagggtggggggagagagagggggygggagagagagagggggagat

tatacgagctagttttttgeccag A CAC TCC GAT GGG ATA TIC ACA AGT GAT TAT CGG AGG TAC
HE 8§ D 6 I ¥ T 8 D Y R R Y

CTC GGG CAA CTG AGT GCT CAA AAA TTC CIG CAAR TGG CTT AT gtaattttaccatttcgcggcgcga
L G Q L 8 A Q K F L Q w L M

tttatatcgggtagegcgcccatggggagegegetcagattatatatataaaaacggggtrtitgeccggegeggatcta
tcgetcttcttecgtgatatgeggacttectggttaaattttattattcgggetgggatgecttattttaaaaatatatat

ataaaaatatataatatatgtgggcttag G AAG CGC CAC TCG GAT GGG ATC TTC ACG GAC AGC TAT
K R E s D G I F T D 8 Y

AGC CGC TAC CGG AAT CAA ATG GCT GTT ARG AAA TAC ATA AAC GCA CTG CTT GGG AAA AGG
S R Y R N Q M A VvV K X b 4 I N A L L G X R

TAT AAA CAA AGG TAA AGAAACAATGGACGCAATTTTACCAAAGGCTT
¥ K ¢ R *

79

139
20

218
21

298

37
26

431
46

491
66

563
74

643

706
87

772
101

852
932

998
113

1058
133

1105
138
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Figure 5.4: Tissue expression of tunicate grf/pacap and
glucagon/vip mRNA. (A) Tunicate grf/pacap mRNA detected by
a reverse transcriptase/PCR assay. PCR reactions contained
tissue cDNA as follows: neural ganglion (lane A), neural gland
(lane B), gonad (lane C), gonad/digestive gland (lane D),

intestine (lane E), heart (lane F), tunic (lane G), branchial basket
(lane H), tunicate ILP cDNA clone (lane 1), negative control (lane
J), and grf/pacap cDNA clone (positive control; lane K). (B)
Tunicate vip/glucagon-like mRNA detected by a reverse
transcriptase/ PCR assay. PCR reactions contained tissue cDNA
as follows: neural ganglion (lane A), neural gland (lane B), gonad
(lane C), gonad/digestive gland (lane D), intestine (lane E), heart
(lane F), tunic (lane G), branchial basket (lane H), tunicate
insulin cDNA clone (lane |), negative control (lane J), and

glucagon/vip cDNA clone (positive control; lane K).
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grt/pacap cDNA (positive control). No bands were detected in

the lanes containing the mRNA/cDNA from the neural gland,

Localization of tunicate grf/pacap and glucagon/vip
mRNA with in situ techniques

To investigate the presence of grf/pacap and glucagon/vip
mRNA expression within the tunicate neural ganglion, we used
grf/pacap and glucagon/vip RNA probes. Both mRNAs were
localized in cortical cells of the neural ganglion (Figures 5.6
and 5.7). The in situ hybridization evidence confirms the
presence of both tunicate mRNAs in the cells of the neural
ganglion. The in situ hybridization sections were compared to
sections stained with hematoxylin and eosin, which stains all

cells in the neural ganglion (Figure 5.8).
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Figure 5.5: Sections (11uM) of tunicate (Cheylosoma
productum ) neural gland and ganglion stained with a
hemotoxylin and eosin stain. The neural ganglion can be seen in
the bottom half of the section. The ring of large cells around
the periphery of the ganglion are overlaid with the blood sinus
which contains a few blood cells. The neural gland (faint rust
color) is shown by the strip of tissue at the top of the section

(magnification is X 40).
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Figure 5.6: Localization of tunicate grf/pacap mRNA by in situ
hybridization. (A) grf/pacap anti-sense mRNA (magnification:
x40) and (B) grf/pacap sense negative control mRNA
(magnification: x16) are shown in sections of the neural
ganglion of Cheylosoma productum by in situ hybridization

using a DIG-labelled RNA probe.
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Figure 5.7: Localization of tunicate gl/ucagon/vip mRNA by in
situ hybridization. (A) glucagon/vip anti-sense mRNA (mag.
X40) and (B) glucagon/vip sense (negative control) mRNA (mag.
X16) are shown in sections of the neural ganglion of Cheylosoma
productum by in situ hybridization using a DIG-labelled RNA

probe (magnification: x16).
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Conservation of the grf/pacap gene

A zoo blot containing genomic DNA from rat, starling,
chicken, alligator, salmon, catfish, reedfish, tunicate, urchin,
Drosophila, yeast, and E. coli was probed with the PCR-
generated 163bp tunicate PACAP cDNA (Figure 5.8). This probe
has high sequence identity to all known pacap cDNAs and
detected two bands in all lanes except the Drosophila, yeast,
and E. coli. The two bands produced in the zoo-blot may be due
to the conservation of the pacap and vip nucleotides and
therefore the probe may have hybridized to the grf/pacap and
glucagon/vip genes. In Figure 5.9, tunicate DNA was digested to
completion with EcoRl and probed with tunicate grf/pacap
cDNA. Lane A was probed with the 163bp pacap PCR cDNA
fragment and due to a high identity between the two clones is
thought to have hybridized to both the glucagon/vip and
grf/pacap genomic sequences. Lane B was probed with a
tunicate grf/pacap-specific probe (bases 387-531) that
hybridized only to grf/pacap genomic sequences. Specific
hybridization to the tunicate g/ucagon/vip gene was obtained
with a glucagon/vip specific probe (bases 713-907). In lane D a
clone encoding tunicate glucagon/vip cDNA was used, and
therefore hybridization to both tunicate grf/pacap and
glucagon/vip occurred. Therefore, the two bands can be
identified as either vip (7.5 Kb band) or pacap (5Kb band) when
digested with Eco RI.



Figure 5.8: Zoo blot of DNA from various organisms probed
with the 163bp pacap PCR fragment. Zoo blot using rat (lane A),
alligator (lane B), starling (lane C), chicken (lane D), salmon
(lane E), catfish (lane F), tunicate (lane G), reedfish (lane H),
tunicate (lane 1), urchin (lane J), Drosophila (lane K), yeast (lane
L), and E. coli (lane M) DNA which was hybridized with the 163bp
pacap PCR fragment. The two band may be due to the
hybridization of the probe to both pacap and vip .
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Figure 5.9: Southern blot analysis of tunicate DNA. The
probes were the 163bp pacap cDNA PCR probe (lane A),
grf/pacap-specific probe (lane B), vip-specific probe (lane C)
and a glucagon/vip probe (lane D). The tunicate digested with
Eco RI results in two bands that can be identified as either vip
(7.5 Kb band) or pacap, the 5Kb band. No EcoRI sites are present
in the exons and introns and therefore no cuts would happen

within the areas probed.
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Discussion

Tunicates contain two mRNAs encoding GRF/PACAP and
glucagon/VIP-like peptides

Two tunicate genes and their respective cDNAs appear to be
members of the glucagon superfamily. The partial tunicate
glucagon/vip gene was 1435bp and, as deduced from the cDNA,
two of the exons encode proteins with identity to mammalian
glucagon and VIP. The other cDNA encodes tunicate GRFi.o7-like
peptide and PACAP.o7. This cDNA is transcribed from a gene
that contains only three exons. This is in contrast to
mammalian members of the superfamily, which have at least
four exons, such as human secretin gene, and up to 7 exons as
found in the human vip gene. The first tunicate exon contains
the nucleotides that encode the 5'UTR and signal peptide. The
tunicate grf/fpacap cDNA does not have an exon which encodes a
cryptic or N-terminal peptide, a feature also found in other
superfamily genes, except the mammalian pacap and vip genes.
However, the nucleotides that encode a tunicate PACAP cryptic
peptide are present within intron 1 (Figure 5.2), but appear to
lack splice sites on either side for processing as a separate
exon. These nucleotides are not transcribed and therefore the
tunicate PACAP precursor does not have a cryptic peptide.

With the exception of the human grf gene where a recent
report shows the cryptic peptide has a role in stimulating

sertoli cell activity (Breyer et al. 1996), the function of the



cryptic peptides is not known for any member of the
superfamily. However, one possible explanation of the origin of
the cryptic peptide in tunicates is that the nucleotide coding is
present in the intron and requires only a few base changes to
create an intron/exon splice site on each side resulting in a new
exon. This appears to have occurred after the divergence of the
glucagon/vip and grf/pacap genes. Alternatively, the exon
encoding the cryptic peptide may have been present before the
protochordates evolved, but within the tunicate grf/pacap gene,
splice-site nucleotides were altered. However, within both
tunicate genes isolated, consensus intron/exon splice sites are
present at all intron/exon boundaries for proper intron removal.
This lack of an exon within the grf/pacap gene is interesting
because it demonstrates the evolution of an exon in relation to
an intronic sequence. The ancestral gene is assumed to have
contained a nucleotide sequence that is either being
incorporated or lost as an exon. Depending on the start site, the
exon encodes a cryptic peptide or 5'UTR. It was speculated by
Campbell and Scanes (1992) that the ancestral gene giving rise
to the present day family contained only three exons. One
possibility is that the tunicate pacap gene is derived from such

an ancestral gene because it contains only three exons.

178



179

Conservation of PACAP may extend to taxons predating
tunicates

A feature of the many pacap genes is the conservation of the
nucleotides encoding PACAP and the amino acids specifying the
protein. The nucleotides that encode tunicate PACAP.o7 are
very conserved, 90% (73/81), in comparison to human PACAP.57
(Figure 5.10). In addition, the deduced amino acids for tunicate
PACAP .07 are 96% identical to the human, sheep, rat, frog,
catfish and salmon PACAPq.o7 forms. Chicken PACAP .07 has
two amino acid substitutions in cPACAP1-27 compared to
tunicate PACAP.o7; the additional substitution is an alanine at
position 2 (Figure 5.11). Also, evidence of pacap's nucleotide
conservation is shown by hybridization of the tunicate pacap
probe within the zoo-blot. The conservation of the chordate
pacap gene sequence is extended to the nucleotides of the §' and
3' UTRs as shown by the conservation of the restriction enzyme
sites (Eco RI) used for the zoo-blot creating a migration of all
PACAP genes at approximately the same position. Within these
family members, conservation of the untranslated regions, both
3'UTR (Parker et al. 1993) and 5'UTR (Sena et al. 1994), has been
reported. However, the extent of PACAP's sequence
conservation between species that are separated by 650 million
years of evolution was unexpected. Using the tunicate pacap
PCR fragment as a probe, | was able to detect a pacap gene in
rat, starling, chicken, alligator, salmon, catfish, tunicate,

reedfish and sea urchin.
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Figure 5.10: A comparison of the nucleotides that encode
tunicate and human PACAP,.27. Identical nucleotides are shown

by a connecting line (}).
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No other known hormone has such sequence conservation
separated by at least 600 million years of evolution. This
conservation is even more intriguing because the basic function
of PACAP is still speculative.

The other band that hybridized to the probe in the lanes
containing the vertebrate DNA was probably the vip gene since
the tunicate pacap probe has a high degree of identity to
vertebrate VIP. However, since the lane containing the sea
urchin DNA (lane ) also had two bands it would be expected that
sea urchins would have a grf/pacap -like and a glucagon/vip-
like gene similar to the tunicate. Echinoderms branched from a
stem line that led to vertebrate evolution about 100 million
years before tunicates. It is possible that a sea urchin
grf/pacap and glucagon/vip genes have a higher degree of
sequence identity than found in tunicates provided there has not
been a high number of substitutions in these genes between the
present day and ancestral sea urchins. One can speculate that
organisms evolving before the sea urchins do not contain two
genes, but rather a single parent pacap gene. Conclusions about
evolution in regard to gene organization, number of exons,
length and conservation of the bioactive core of the peptide are
clear. More difficult are deductions about the amino acids or
nucleotides that might have been present within the ancestral

genes.



183

Figure 5.11: Comparison of PACAP proteins from different
species. PACAP,.7; amino acid conservation as shown by
protein sequences from tunicate, human, mouse, chicken, frog,

catfish and salmon. Amino acids that are different are

indicated.
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Exon and gene duplication produced two tunicate cDNAs

A feature of the tunicate grf/pacap and glucagon/vip genes is
the high sequence identity found between the two genes. The
strong identity suggests that the two genes arose from a
relatively recent gene duplication. The importance of a gene
duplication in evolution was first noted by Haldane (1932) and
Muller (1935), coincidentally even before the structure of DNA
was known. I[n 1970, Ohno stated that the most effective means
by which a new gene can evolve is by a gene duplication. It is
apparent that the two tunicate genes arose from a complete
gene duplication. However, the mechanism of the duplication
could be due to a single gene duplication or to aneuploidy or
polyploidy of the genome. The tunicate glucagon/vip mRNA,
encodes amino acids that have strong sequence identity to the
tunicate PACAP peptide (89%) and, in addition, to the human
PACAP (85%) peptide. This similarity is indicative of a gene
duplication of the parent pacap gene resulting in two tunicate
genes. One can argue that the duplication allowed one of the
two genes, presumably glucagon/vip to evolve into a distinct
gene encoding related, but different peptides.

The identity (89%) of the exons between tunicate PACAP and
VIP and identity between tunicate GRF and glucagon support the
idea of a relatively recent gene duplication (Figure 5.12).
However, the identity shared between exons on the same gene
suggests exon duplication occurred prior to the gene duplication.

Within the glucagon/vip gene, the identity of exons 3 and 4
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suggest an exon duplication. The nucleotides encoding exon 3
and exon 4 are similar in length, the nucleotides are 57%
identical, and the encoded amino acids have 48% identity. This
data from the glucagon/vip gene is the best proof to date to
confirm the speculation that the origin of the two exons is by an
exon duplication. In addition to the 57% nucleotide identity
between exons 3 and 4 within the tunicate glucagon/vip gene,
exon 4 of tunicate VIP has 89% identity with exon 3 of the
nucleotides of the tunicate pacap gene. The 89% nucleotide
identity between exons of two different genes supports the idea
that these two genes are the result of a gene duplication
followed by nucleotide substitutions resulting into two distinct

sequences.

Tunicate grf/pacap and glucagon/vip genes are related
to other family members

The two tunicate genes appear to be the result of an exon and
gene duplication. The origin of the superfamily may be closely
related to ancestral forms of these two tunicate genes. It is
apparent from the high conservation that the gene encoding
PACAP .27 is the most likely ancestral molecule to have
undergone an exon and a gene duplication resulting in the
tunicate glucagon/vip gene. The tunicate grf/pacap gene
sequence also has a high degree of identity to other known

glucagon sequences. The encoded amino acids of the glucagon-
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Figure 5.12: Comparison of the amino acid sequences for the
four tunicate (t) glucagon superfamily peptides. The amino acid
sequence of each peptide is shown on top and the percent
identity among the four deduced peptides is shown in the

schematic diagram.
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like segment of the tunicate glucagon/vip gene has 59%

identity to human glucagon, and in addition, the glucagon-like
sequence is located between the signal and C-terminal peptides.
Therefore, glucagon may have arisen from a gene duplication of
the glucagon/vip gene in which one product of the duplication
underwent nucleotide changes to encode a distinct glucagon
gene. These data suggest the ancestral gene that gave rise to
the tunicate glucagon-like exon also gave rise to vertebrate
glucagon.

Therefore, the tunicate has two genes, the ancestors of
which may be the progenitors for mammalian PACAP, GRF,
glucagon and VIP. Based on sequence data available for the two
remaining peptides, (secretin and GIP), they may have evolved as
separate genes recently from gene duplications of the vip and
pacap genes for they are only detected within mammals. Also,
based on sequence data from chickens and fish, distinct grf and
pacap genes probably originated from a pacap gene duplication.
This is because the GRF is encoded on the same gene as PACAP,
at least in chicken and fish. Therefore, these two genes within
the tunicates appear to be the progenitors from which the

present day vertebrate glucagon superfamily originated.
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CHAPTER 6

A brain-specific insulin-like growth
factor-l1 (IGF-l)

A version of this chapter has been published: McRory JM,
Sherwood NM 1994 Catfish express two forms of insulin-like
growth factor-l (IGF-I) in the brain. Journal of Biological
Chemistry. 269: 18588-18592
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Summary

This chapter examines the evolution of the insulin
superfamily. In this research | found that the insulin-like
growth factor family had not only a "ubiquitous IGF-I", but also
a "brain-specific IGF-I" with a distinct structure. At the
beginning of the research it was known that IGF-l is expressed
not only in the liver, but also in brain and other tissues. This
ubiquitous IGF-1 has a complex pattern of expression due to
multiple transcription start sites, polyadenylation sites and
exon skipping. In this chapter | describe the isolation of a cDNA
encoding a brain-specific IGF-l from a catfish brain cDNA
library. Also, a fragment encoding ubiquitous IGF-1 was
amplified from brain and liver mRNA and the deduced protein
was shown to be distinct (66% sequence identity) from brain-
specific IGF-l. Consistent with other IGF-I prepropeptides, the
brain-specific IGF-I has a 43 residue signal peptide followed by
B, C, A, D, and E domains. Retained in the catfish brain-specific
IGF-| peptide are residues predicted to be involved with the
correct tertiary folding, disulfide linkages, and receptor
binding. Northern blot analysis of poly A+ rich mRNA from brain
indicated a single 1600bp transcript; a band was not detected
from mRNA of liver, stomach, pancreas, pituitary, blood, herring
brain or brain poly A- RNA. A sensitive reverse transcriptase/
PCR assay also showed that brain-specific IGF-l mRNA was
expressed solely in the Thai catfish brain and not in liver,

stomach, pancreas, pituitary, ovary, or African catfish brain.
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Introduction

Insulin-like growth factor | (IGF-I) is important for proper
animal growth, tissue development, and differentiation
(Daughaday and Rotwein 1989; Froesch et al. 1985). IGF-I
belongs to a family which includes insulin, IGF-Il, relaxin,
molluscan insulin-related hormone, and insect
prothoracicotropic hormone. The release of IGF-1 from the liver
is under the control of pituitary growth hormone (GH), as
evidenced by increased numbers of igf-/ transcripts in the liver
and other tissues after administration of GH (Bichell et al.
1992; Foyt et al. 1992). It is IGF-I rather than GH that is
thought to promote cell division and differentiation in
extrahepatic tissues (Romagnolo et al. 1992).

The IGF-1 cDNA sequence has been reported from a variety of
animals including the human (Jansen et al. 1983), rat (Casella et
al, 1987, Murphy et al. 1987), pig (Tavakkol et al. 1988), cow
(Wong et al. 1989; Francis et al. 1988), chicken (Kajimoto and
Rotwein 1989), frog (Kajimoto and Rotwein 1990), trout
(Shamblott and Chen 1992), coho salmon (Cao et al. 1989;
Duguay et al. 1992), chinook salmon (Wallis and Devlin 1993)
and hagfish (Nagamatsu et al. 1991). Also, amphioxus has a
cDNA sequence similar to both insulin and IGF-I, and thus may
be ancestral to both peptides (Chan et al. 1990). The sequence
identity of IGF-I among all species examined is very high; the
identity between the human IGF-| protein sequence and that of

salmon (Cao et al. 1989; Duguay et al. 1992), frog (Kajimoto and
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Rotwein 1990), and chicken (Shamblott and Chen 1992) is 80%,
81% and 86%, respectively. Within mammals and lower
vertebrates, IGF-1 is produced predominately in the liver, but
lower concentrations are found in muscle, spleen, fat, heart,
testis, and kidney. To date, only hagfish has IGF-l expression
that is limited to the liver (Nagamatsu et al. 1991).

In addition to the role of IGF-1 in the linear growth of tissue,
IGF-l is believed to be important in the growth and development
of the central nervous system (CNS). It is not known if IGF-I
acts on the brain in an autocrine and/or paracrine manner or
crosses the blood-brain barrier to act as an endocrine agent.
Roles such as regulating neuronal and glial function (Sara et al.
1986), acting as a neurotrophic factor (Schwartz et al. 1992),
and modulating synaptic transmission (Schwartz et al. 1992)
have been reported.

Both complete and truncated forms of IGF-I have been
purified from human fetal brain tissue (Sara et al. 1986). The
truncated form of human fetal brain IGF-1, which lacks the first
three amino acids, also has been isolated from porcine uterus
(Ogasawara et al. 1989) and bovine colostrum (Francis et al
1988); all have an amino acid sequence identical with the human
liver form. The tripeptide Gly-Pro-Glu, which originates from
the intact IGF-I peptide, is a product of post-transiational
processing and functions within the CNS (Sara et al. 1986).
Compared to the complete molecule, the truncated IGF-l lacking

the tripeptide is 5-10 times more potent in its ability to
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stimulate DNA and protein synthesis and in competing for
binding sites on the brain membrane (Sara et al. 1989). It has
been suggested that the tripeptide may itself act as a
neuroactive peptide because it has a potent stimulatory action
on the release of acetylcholine (Sara et al. 1989).

In the present study a brain-specific form of IGF-I is
identified for the first time from any species. The sequence of
the brain-specific IGF-I is compared to a second distinct

catfish IGF-l isolated from both the liver and brain.
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Methods and Materials

Screening of the catfish cDNA library

A cDNA library was constructed from cDNA isolated from a
single Thai catfish (Clarias macrocephalus) brain, Lambda Zap
Il, and Gigapack Gold packaging mix (Stratagene). A brain
specific IGF-lI clone was isolated using low density phage
plating, high stringency washes (0.1X SSC, 0.1% SDS, 65°C), and
a probe that encoded catfish growth hormone-releasing hormone
and pituitary adenylate cyclase activating polypeptide (see Fig.
6.2, nucleotides 244-560).

Exonuclease (Il digestion of positive clones

IGF-1 cDNA, in pBluescript KS- (5ug), was purified and
hydrated in 50u! sterile-filtered water. Digestion with Sact
and Xba1 (Pharmacia) were used to linearize the clone. The DNA
was precipitated, washed with 75% ethanol and hydrated in
40ul of Exonuclease llI buffer; Exonuclease Il (300U,
Boehringer Mannheim) was added. The DNA solution was heated
to 30°C. Aliquots were removed after 30s and placed in tubes on
ice containing 7.5ul of S1 nuclease mix and 60U S1 nuclease
(Boehringer Mannheim). The tubes were left at room
temperature for 45min.

Linear plasmids were circularized with 4U T4 DNA ligase
(Stratagene) and electroporated into XL-1 competent cells.

White colonies were selected as recombinant plasmids and



1D
=
to

prepared for sequencing with an alkaline hydrolysis method
(Birnboim 1983). The opposite strand of the clone was
sequenced as described in the above procedure. However, Kpn |
and Xho | (Pharmacia) were used to linearize the clone prior to

digestion.

Sequencing of cDNA clones

Both strands of the plasmid were sequenced with Sequenase
2.0 and [a-3SS)ATP using the chain termination method (Sanger
et al. 1977). All sequencing gels were 6% polyacrylamide/7M
urea wedge gels that were dried under vacuum at 80°C and

exposed to Kodak XAR-5 film for 12-24h.

mRNA size as determined with northern blot analysis
Total RNA was isolated from tissues of a single female
catfish using the method of Chomczyski and Sacchi (1987). The
exception was pituitary tissue, which was obtained from
several females. Poly A+ rich mRNA was isolated using a Fast-
Track mRNA isolation kit (Invitrogen). In separate lanes brain
(1png), liver (1ug), liver (10ug), stomach (1ug), pancreas (1ug),
pituitary (1ug), ovary (1ug), blood (1ug), brain poly A- mRNA
(10ug) and herring poly A+ mRNA (1ug) were electrophoresed in
a gel of 1.2% agarose, 3% formaldehyde, and 1X MOPS (3[N-
morpholino] propanesulfonic acid). The gel was blotted onto a
nylon membrane (Amersham) and hybridized in a solution of

25mM KPOy4, 5XSSC, 10X Denhardt's solution, 50% formamide and



30mg/ml sonicated sea urchin DNA. The probe was an IGF-l [a-
32PJATP randomly-primed cDNA fragment that corresponded to
nucleotides 339-762. The filter was washed under high
stringency conditions (0.1X SSC, 0.1% SDS, 65°C) and exposed to
X-ray film (Kodak) with intensifying screens at -80°C for 7
days. The quality of mMRNA was assessed for each tissue by
probing with a randomly-primed salmon tubulin cDNA fragment
as defined below. The membrane was washed under high
stringency conditions (0.1X SSC, 0.1% SDS, 60°C) and exposed to

X-ray film with intensifying screens for th.

Reverse transcriptase/PCR assay for brain-specific
IGF-I1 expression

Complementary DNA was synthesized from 1pg of mRNA
using 200U avian reverse transcriptase (H- RT Superscript,
BRL), 10mM dithiothreitol, 1TmM each dNTP, 160U RNA guard,
2mM Oligo dT12-18, and 1X H- RT buffer for a total reaction
volume of 20ul. The reaction proceeded for 90min at 41°C
followed by 5min at 90°C. IGF-I and tubulin PCR amplifications
were done separately with 0.5ul of newly transcribed cDNA
from each tissue, SU Taq DNA polymerase, 1x Taq buffer
(Promega), 0.2mM each dNTP, 0.4mM of each primer (1-4), and
3mM MgCl in a 50ul reaction for 35 cycles (94°-55°-72°C).
Primers 1 and 2 correspond to bases 612-636bp and 829-852bp
of the catfish brain IGF-I clone, an area not conserved between

brain-specific IGF-1 and salmon IGF-I (Figure 6.1). Primers 3
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and 4 correspond to bases 523-545 and 719-740 of the salmon
tubulin cDNA clone (Coe et al. 1992).

RT/PCR assay for Liver (ubiquitous) IGF-l expression

Polymerase chain reactions included 1.0ug of brain and liver
transcribed cDNA, 5U Taqg polymerase, 1x Taq buffer (BRL),
0.2mM each dNTP, 0.4mM of each primer (5 and 6, Figure 6.1),
and 1.5mM MgCI in a 50ul reaction for 35 cycles (94°-50°-72°C).
A negative control containing water in place of cDNA was
included. Primer 5 corresponded to base pairs 122-148 (sense
strand) and primer 6 matched base pairs 439-459 on the
antisense strand of salmon IGF-1 (Wallis and Devlin 1993). The
DNA was recovered with the Geneclean system (Geneclean) and
cloned into dephosphorylated pBluescript KS+. Plasmids were
electroporated into DH5-a competent cells and white colonies
were prepared for sequencing with an alkaline hydrolysis

method (Birnboim 1983).



Figure 6.1: Schematic map of the catfish brain-specific igf-/
cDNA clone. The hybridization sites for the four primers used in
the reverse transcriptase/PCR assay are shown. Primers 1 and
2 were used to detect brain-specific igf-/ mRNA, whereas

primers 5 and 6 were used to detect ubiquitous IGF-I.
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Results

Sequence of catfish brain-specific IGF-I

In the process of screening a Thai catfish brain cDNA library
with a cDNA probe to growth hormone-releasing hormone (GRF),
a positive clone was isolated. This clone was partially
sequenced and the 5' untranslated region was shown to have a
high sequence identity with salmon IGF-I. The full length brain-
specific IGF-I cDNA clone was then sequenced. This clone,
referred to hereafter as catfish brain-specific IGF-l, had a
cDNA nucleotide sequence that contained a 204 base pair (bp) 5'
untranslated region and a 582bp open reading frame, followed by
an 850bp 3'untranslated region for an entire length of 1633bp
(Figure 6.2).

Distinct structures for brain-specific IGF-l and
ubiquitous IGF-I

A single band was amplified from catfish brain and liver
cDNA using primers 5 and 6 that matched regions in salmon
liver IGF-l. A band was not detected in the negative control.
The sequence of the PCR product was identical for both catfish
brain and liver. A comparison of the catfish liver/brain
(ubiquitous) form with salmon liver IGF-I showed 88% sequence
identity for the nucleotides, and 100% identity for amino acids.
The catfish ubiquitous form, however, had only 66% amino acid

similarity with catfish brain-specific IGF-I.
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Figure 6.2: Nucleotide and deduced amino acid sequence of a
1633bp catfish brain-specific igf-l cONA. Domains B, A, C, and
D have been underlined. The 5'UTR and 3'UTR are in small letters
without spaces between the letters. It is not known if the
signal peptide begins at the MET at amino acid position 1 or 19.
Numbering of nucleotides is on the right side and for amino

acids is at the left and center of the figure.
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Northern blot analysis of brain-specific IGF-I

The level of expression and size of the mRNA transcript was
determined by northern analysis with poly A+ rich mRNA from
brain, liver, stomach, pancreas, pituitary, ovary, blood, poly A-
RNA, and herring poly A+ mBNA. Only a single band at
approximately 1700 bases was detected in the lane containing
the brain poly A+ rich mRNA (Figure 6.3). Further exposure of
the X-ray film to the blot with intensifying screens at -80°C for
10 days did not reveal any bands in other lanes. As an internal
control for the quality of the mRNA, a sample of the poly A+ rich
mRNA from each tissue was screened for tubulin and a band
appeared in all lanes at the correct size for a tubulin mRNA
(1500-1600 bases). Also, the RNA preparation did not appear to
be degraded as judged by a consistent smear on an ethidium

bromide-stained gel.

Expression of brain specific IGF-1 detected with a PCR
method

A sensitive PCR detection method for the presence of brain
IGF-I in other tissues was developed. Primers were designed
for the E-domain and 3' untranslated region of the catfish
brain-specific IGF-I because these regions were distinct from
the ubiquitous IGF-I form. Reverse transcribed cDNA of various
catfish tissues were PCR amplified with these primers and the
results are shown in Fig. 3A. A single band was detected in the

lanes containing the brain ¢cDNA and the positive control, but
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other bands were not detected in lanes containing the cDNA
from 5 other catfish tissues including liver, the negative
control, or the cDNA from a chinook salmon liver IGF-I clone.
Again, the cDNA appeared to be of good quality as judged by the
PCR products obtained with tubulin primers 3 and 4 (Figure

6.4.0).
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Figure 6.3: Northern blot analysis of mRNAs isolated from
different catfish tissues. The migration of 18S and 28S
ribosomal RNA is are shown on the right and the migration of

brain-specific IGF-l mRNA is shown by the arrow on the left.
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Figure 6.4: (A) Brain specific igf-/ cDNA of catfish detected
by a reverse transcriptase/PCR assay. PCR reactions contained
tissue cDNA/mRNA as follows: brain (lane 1), liver (lane 2),
stomach (lane 3), pancreas (lane 4), pituitary (lane 5), ova (lane
6), African catfish brain (lane 7), negative control (lane 8),
salmon liver IGF-| clone (lane 9), and brain specific IGF-l clone
(positive control; lane 10). (B) Tubulin detected by a reverse
transcriptase/PCR assay to determine the quality of
mRNA/cDNA for the assay in Fig. 6.4A. The lanes contained the
cDNA/mRNA as above except lanes 9 and 10, which contained the
herring brain cDNA and tubulin clone (positive control),

respectively.
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Discussion

Isolation of brain-specific IGF-l is based on a
heterologous probe

In this paper we report the structure and tissue expression
of a brain-specific IGF-l that has high sequence identity
compared with other forms of IGF-I, but is produced only within
the brain. More appropriately, this peptide should be called a
brain-specific IGF-I peptide because it may have different
biological and receptor binding properties compared with
ubiquitous IGF-l. In the process of screening a catfish brain
cDNA library with a catfish growth hormone-releasing hormone
(grf) cDNA probe, a positive clone, initially thought to be a grf
clone, was isolated, sequenced and identified as an IGF-like
molecule. The rational for hybridization of the grf probe to the
IGF-I clone is not clear because an area of identity is not

obvious between the clones.

Brain-specific IGF-1 is a member of the IGF family
The brain-specific IGF-I amino acid sequence deduced from
the cDNA contains many of the residues that are essential for
IGF-I structure and bioactivity (Nagamatsu 1991). The 6
cysteine amino acids responsible for the intra- and inter-
domain disulfide linkages, located at positions 6, 18, 47, 48,

52, 61 in the catfish brain-specific IGF-I (Fig. 6.2), are
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conserved in all IGF-I peptides determined to date. Also
conserved are the hydrophobic residues, positions 5, 10, 11, 14,
17, 43, 44, 54, 57, and 60 that create the hydrophobic core of
the IGF-I peptide, thought to be responsible for secondary
structure. Conserved in all teleost and mammalian IGF-I and
insulin sequences are three aromatic amino acids that appear to
be important for binding to the IGF type-l receptor. The
aromatic residues Phe-Tyr-Phe, (residues 23-24-25, Fig. 6.2) at
the carboxy end of the B-domain are conserved in all IGF-I
peptides except those from the hagfish and amphioxus, which
possess Phe-Phe-Phe and Tyr-Asn-Ser, respectively (Nagamatsu
et al. 1991; Chan et al. 1990). Therefore, the deduced protein
sequence from catfish brain IGF-I cDNA is predicted to be
bioactive because it contains all the required cysteine amino
acids for disulfide linkages, the hydrophobic amino acids for the
conservation of a hydrophobic core, and the Phe-Tyr-Phe
sequence required for receptor binding. However, the sequence
identity of the brain-specific IGF-l deduced peptide is not as
high as that normally seen among IGF-I molecules (Figure 6.5).
The identity between the deduced catfish brain-specific IGF-
| peptide B-C-A-D domains is 66% with salmon, 66% with trout,
61% with human, 61% with rat, 40% with hagfish, and 27% with
amphioxus. The catfish brain-specific IGF-I does not appear to
be an IGF-il molecule because its amino acid identity with trout
IGF-Il is only 44%. Other amino acid changes in brain-specific

IGF-1 may be required for binding to a neuron-specific IGF-I



Figure 6.5: Alignment of the catfish brain-specific preprolGF-
| with several other ubiquitous IGF-I prepropeptides. |GF amino
acids of catfish brain-specific IGF-I are aligned with salmon
(s), caffish (cf), human (h), rat (r) IGF-I, trout IGF-I and IGF-II,
and hagfish and amphioxus IGF prepropeptides. The catfish liver
IGF-l sequence is based on the PCR fragment shown in Fig. 6.6.
Only the coding region of the mature peptide is compared.
Identity between the catfish sequence and the other sequences
are indicated by a space. The amino acids of the bioactive IGF-I
peptide are numbered starting at the beginning of the indicated
B-domain and terminating at the end of the E-domain. A period
was used to frame shift the peptide for maximal alignment

between sequences.



Catfish brain-specific
Salmon/catfish liver

Trout IGF-I
Human

Rat

Trout IGF-II
Hagfish
Amphioxus

cf brain-specific
s/cf liver
t-I

h

r

t-II

h

a

cf brain-specific

s/cf liver
t-I

-1I

PR D

(SIGNAL PEPTIDE) B-DOMAIN
- - -t -
10 20
| |
MSSGHLFQWRLCDVFKSAMCCISCTHTLSLLLTVLWLTGELTGA GPYTLCRAELVDSLQPVCGQRGFYFSRPM
C T SAA E G T F E KY
F v C T SAA E G T F E KT
MGKISSLPTQLFKCCFCD LKVKMHTMSSSH FY ALC LTFTSSAT E G A F D NK T
MGKISSLPTQLFKICLCD LKIKIH MSSSH FY ALC LTFTSSAT E G A F P NK T
EYHSVCHTCRRTENTRMKVKMMSNRVLVIALA TL.YIVEV SAE GG A VF ED RT
YIRRVRQGSIYSLLVE QQWSKLT TLL L ALLTRCT LSE GS T F DD F VPQH
MNLSSVYVLASLA VC LVKET. . QAEY GSTCA V SF N YNSQPRR
C-DOMAIN A-DOMAIN D-DOMAIN
——
?0 ‘:0 50 60 70
| | |
GYGSSTCWTHNR GILDKCCFQSCQLRWIEMYCA AFEPSLVT
P SRR VE E RL PVKSGKAA
P SRRS VE E RL PVKSGKAA
SRRAPQT VE R D RL PLK AKSA
IRRAPQT VE R D RL PLK TKSA
.R NSRRSQ VEE R D NLL QT . .K AKSE
VPP...RRGAH RSRARK VEE KG S ILL R PSKAERDVA
SVSKRATDFISEEEAKDY LVEE Y VDYSQL S N PYSTAPA ATPV
E-DOMAIN
-t |

RSVRAQRVTDMCRTLKKS . AVONVERRTEIWTAQHPDKTKPKKEVYQONTLRGNTWGGY YGMYKLTLAKGYEDSGYNTTGP

H P PVTV DG R. KEVHNKNSSRGNTG RNYRM
H P PVTVSDG RR H K ss
H PK Q EVHLKNASRGSAGNKNYRM

I H PK Q EVHLKNTSRGSAGNKTYRM

D S ... SLQIIPMVPTIK D P KHVTVKYSKYEAWQR AAQRLRRGVPAILRAKFRQOAVKIKAQEQAMFHRPL

PRQRPHRASQHSRRGSQSRGRGRS

TTEP PEEAEDDP DGMVGD APLGSI NIENLVYHYDSDDITIDAAKMEPKKLKEILGSFEDKKANPVFPFIRQSKNIK-~>

G RNYRM



receptor or may occur in areas not known to be essential for
IGF-l function.

Within the 5' untranslated region are five potential ATG
translation initiation sites that create open reading frames
terminating before the authentic translation initiation site as
judged by the length of other IGF-I cDNA molecules. At the
beginning of the open reading frame, nucleotides 205-207 (Fig.
6.2) encode an initiator methionine residue similar to those
found in other IGF-1 molecules except hagfish IGF-I, which
begins with a tyrosine. The signal peptide is 129bp (43 amino
acids). This is unusually long for most signal peptides, but IGF-
| signal peptides in chicken, human and salmon are 48, 48, and
44 amino acids, respectively. As with most other IGF-I
sequences, the B, C, and A domains are 29, 12, and 21 amino
acids, respectively, and have higher similarity than D and E
domains to other IGF-I molecules. The brain-specific IGF-1 D
domain has little or no identity to other forms. However, the
171bp E domain has 53%, 70%, and 40% identity to the salmon,
trout (IGF-l) and human forms, respectively. The function of the
E-domain in liver IGF-I peptides is not known, but the
conservation of its sequence and the alternative processing of
the E-domain (Wallis and Devlin 1993; Duguay et al. 1992)

suggest an important biological function.
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Brain has a second form of IGF-l1 that is identical with
liver IGF-I

To ensure the brain specific IGF-1 was indeed unique and not
the product of liver IGF-I expression in the brain, PCR was used
to determine whether a ubiquitous form of IGF-1 is present in
catfish liver and brain. Two primers, corresponding to salmon
IGF-l1 (Wallis and Devlin 1993), amplified an IGF-l sequence
from both the brain and liver of catfish. This cDNA sequence
was distinct from brain-specific IGF-I. This established the
presence of two forms of IGF-| in the brain: one form is brain-
specific and the other form is identical to liver IGF-l. The cDNA
sequence of this mature catfish IGF-I has 88% nucleotide
identity to the salmon form, (Figure 6.6) but amino acid changes
do not result from these base substitutions. A comparison of
the catfish ubiquitous and brain-specific IGF-I hormones

showed 66% sequence identity for the mature peptides.

Brain-specific IGF-I has several potential roles

The occurrence of a brain specific IGF-I clone helps to
explain the neurotrophic and neuromodulatory role previously
suggested for IGF-I. Regulating neuronal and glial function,
acting as a neurotrophic factor, and modulating synaptic
transmission have been suggested for IGF-I, but previously it
was hypothesized that liver IGF-1, rather than a distinct brain

IGF-1, was expressed within the brain. The function of brain
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IGF-I is not known. The recent identification and localization of
the insulin-related receptor (IRR) is intriguing because it
demonstrates the existence of neuron-specific receptors that
have high sequence similarity to the receptors for insulin and
IGF-I (Reinhardt et al. 1993; Shier and Watt 1989). Insulin-
related receptor mRNA has been shown to be present within
sensory neurons of the trigeminal and dorsal root ganglia during
early embryonic development. Therefore, expression of the IRR
appears to be restricted, as is the brain IGF-! peptide, to the
nervous system. The presence of both a brain specific IGF-l and
a ubiquitous (liver) form of IGF-l in the brain emphasizes the

importance of these growth factors for the nervous system.



Figure 6.6: Nucleotide alignment of the ubiquitous IGF-| found
in catfish liver and brain with the salmon IGF-I. [dentity of
nucleotides between the catfish and salmon forms of IGF-l is

indicated by a * under the sequences.
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B-Domain

-
Catfish liver/brain IGF-1 ggcccggagaccctgtgtggggcggagetggtggacacgctgeagtttgtgtgtggagaga

Salmon liver IGF-1

gggcccgagaccetgtgtggggeggagetggtggacacgetgeagtttgtgtgtggagaga

KK KK KEKRRKRRRRRRREARARRRRARRRRRNRRANRRARRRNRNRRRRARRRNRARNNNNANRRR

C-Domain
- - -

gaagggttcatttcagtaaaccaacgggc tatgggccaagttcacgacgttcacacaaccgt

gaggattttatttcagtaaaccaacgggc tatggccccagttcacgacggtcacataaccgt
AR AR AR ARRRRAARAAARRNARARNAAANR HRAERERK AKX ARXARRARARRARARRE ARARAN AR RANN

- A-Domain -

gggatagtggatgagtgctgctttcagagttgtgaactaaggcgtctcgaaatgtattgtgeg

ggtattgtggacgagtgctgcecttccagagttgcgagetgaggeggectcgaaatgtactgtgee
KK KK RRARK KRXKRKRRRNRE KKARAKEN AR AKX RARKAR AARARRANANRNR ARARARN

- D-Domain — E-Domain -

cctgtcaaatctgggaaagcagct agatctgtgcgggcacaacgccatacaga....

cctgtcaagtctggcaaggcagct cgctctgtgcecgecgcacagecgeccacacaga. ...
ARRRKKAK KRRKK Kk Khhhkk KARKKAKRK KAKRK ARRAAR ARRAK

9



References

Bichell DP, Kikuchi K, Rotwein P 1992 Growth hormone rapidly
activates inulin-like growth factor-l gene transcription in
vivo. Molecular Endocrinology 6: 1899-1908.

Birnboim M. 1983 A rapid alkaline extraction method for the
isolation of plasmid DNA. Methods in Enzymology 100: 243-
255

Cao Q-P, Duguay SJ, Plisetskaya E, Steiner DF, Chan SJ 1989
Nucleotide sequence and growth hormone-regulated
expression of salmon insulin-like growth factor-l mRNA.
Molecular Endocrinology 3: 2005-2010.

Casella SJ, Smith EP, Van Wykm JJ, Joseph DR, Hynes MA, Hoyt
EC, Lund PK 1987 Isolation of rat testis cDNAs encoding an
insulin-like growth factor-l precursor. DNA 6: 325-330.

Chan SJ, Cao Q, Steiner DF 1990 Evolution of the insulin
superfamily: cloning of a hybrid insulin/insulin-like growth
factor cDNA from amphioxus. Proceedings of the National
Academy of Science (USA) 87: 9319-9328.

Chomczyski P, Sacchi N 1987 Single step method of RNA
isolation by acid guanidium thiocyanate-phenol-chlioroform
extraction. Analytical Biochemistry 162: 156-1589.

Coe IR, Munroe R, Sherwood NM 1992 Isolation of different
brain-specific isotypes of a-tubulins from chum salmon.
DNA sequence 3: 257-262.

Daughaday W H, and Rotwein P 1989 Insulin-like growth

factors | and Il. Peptide, messenger ribonucleic acid and



gene structures, serum and tissue concentrations.
Endocrine Reviews 10: 68-91.

Duguay SJ, Park LK, Samadpour M, Dickhoff WW 1992
Nucleotide sequence and tissue distribution of three
insulin-like growth factor | prohormones in salmon.
Molecular Endocrinology 6: 1202-1210.

Foyt HL, Lanau F, Woloschak M, Leroith D, Roberts CT 1992
Effects of growth hormone on levels of differentially
processed insulin-like growth factor | mRNAs in total and
polysomal mRNA populations. Molecular Endocrinology 6:
1881-1888. _

Francis GL, Upton FM, Ballard FJ, McNeil KA, Wallace JC.

1988 Insulin-like growth factors | and 2 in bovine
colostrum: sequence and biological activities compared to a
potent truncated form. Journal of Biochemistry 251: 95-
103.

Froesch ER, Schmidt C, Schwander J, Zapf J 1985 Actions of
insulin-like growth factors. Annual Reviews in Physiology
47: 443-467.

Jansen M, van Schaik FMA, Ricker AT, Bullock B, Woods DE,
Gabbay KH, Nussbaum AL, Sussenbach JS, Van den Brande JL
1983 Sequence of cDNA encoding human insulin-like growth
factor | precursor. Nature 306: 609-611.

Kajimoto Y, Rotwein P 1989 Structure and expression of a
chicken insulin-like growth factor | precursor. Molecular

Endocrinology 3: 1907-1913.



Kajimoto Y, Rotwein P 1990 Evolution of insulin-like growth
factor | (IGF-1): structure and expression of an IGF-I
precursor from Xenopus laevis. Molecular Endocrinology
4: 217-226.

Murphy LJ, Bell Gl, Duckworth ML, Friesen HG 1987
Identification, characterization, and regulation of a rat
complementary deoxyribonucleic acid which encodes
insulin-like growth factor-l. Endocrinology 121: 684-691.

Nagamatsu S, Chan SJ, Falkmer S, Steiner DF 1991
Evolution of the insulin superfamily. Journal of Biological
Chemistry 266: 2397-2402.

Ogasawara M, Karey KP, Marquardt H, Sirbasku DA 1989
identification and purification of truncated insulin-like
growth factor | from porcine uterus. Evidence for high
biological potency. Biochemistry 28: 2710-2721.

Reinhardt RR, Chin E, Zhang B, Roth RA, Bondy CA 1993 Insulin
receptor-related receptor messenger ribonucleic acid is
focally expressed in sympathetic and sensory neurons and

renal distal tubule cells. Endocrinology 133: 3-10.

Romagnolo D, Akers RM, Wong EA, Boyle PL, McFadden TB, Turner

JD 1992 Overexpression of ovine insulin-like growth
factor-I stimulates autonomous autocrine or paracrine
growth in bovine mammary-derived epithelial cells.
Molecular Endocrinology 6: 1774-1780.

D



228

Sanger F, Nicklen S, Coulson AR 1977 DNA sequencing with
chain terminating inhibitors. Proceedings of the National
Academy of Science (USA). 74: 5463-5467.

Sara VR, Carlsson-Skwirut C, Andersson C, Hall E, Sjogren B,
Holmgren A, Jornvall H 1986 Characterization of
somatomedins from human fetal brain: Identification of a
variant form of insulin-like growth factor I. Proceedings of
the National Academy of Science (USA). 83: 4904-4907.

Sara VR, Carlsson-Skwirut C, Bergman T, Jornvall H, Roberts PJ,
Crawford M, Hakansson LN, Civalero |, Nordberg A 1989
Identification of GLY-PRO-GLU (GPE), the aminoterminal
tripeptide of insulin-like growth factor | which is truncated
in brain, as a novel neuroactive peptide. Biochemical and
Biophysical Research Communications 165: 766-771.

Schwartz MW, Figlewicz DP, Baskin DG, Woods SC, Porte D 1992
Insulin in the brain: hormonal regulation of energy balance.
Endocrine Reviews 13: 387-414.

Shamblott MJ, Chen TT 1992 Identification of a second
insulin-like growth factor in a fish species. Proceedings of
the National Academy of Science (USA) 89: 8913-8917.

Shier P, Watt VM 1989 Primary structure of a putative
receptor for a ligand of the insulin family. Journal of
Biological Chemistry 264: 14605-14608.

Tavakkol A, Simmen FA, Simmen RCM 1988 Porcine
insulin-like growth factor-! (plGF-1): complementary

deoxyribonucleic acid cloning and uterine expression of



8%
8%}
O

messenger ribonucleic acid encoding evolutionarily
conserved IGF-l peptides. Molecular Endocrinology 2: 674-
681.

Wallis AE, Devlin RH 1993 Duplicate insulin-like growth
factor-l genes in salmon display alternative splicing
pathways. Molecular Endocrinology 7: 409-422

Wong EA, Ohlsen SM, Godfredson JA, Dean DM, Wheaton JE 1989
Cloning of ovine insulin-like growth factor-l cDNAs:
heterogeneity in the mRNA population. DNA 8: 649-657.



230

CHAPTER 7

Ancient Divergence of Insulin and Insulin-Like
Growth Factor (IGF)



Summary

In this chapter | examined the molecular evolution of insulin
and IGF, peptides that are members of the insulin superfamily
as discussed in chapter 6. Studies on the evolutionary pathway
of insulin and IGF suggested they became distinct molecules
only after the vertebrates arose. For amphioxus, a hybrid
insulin/IGF molecule was reported. In contrast | found that
tunicates, another sister group to the vertebrates, possess two
cDNAs of which one encodes a distinct preproinsulin with B, C
and A domains, and the other encodes a distinct preproinsulin-
like growth factor (IGF) with five domains in their proper
sequence. Both clones are expressed in the nervous system,
digestive tract, gonad, and heart, but not in branchial basket or
tunic. In situ hybridization shows tunicate insulin and igf
mRNA in the cortical cells of the neural ganglion. Hence,
tunicate insulin and IGF have similar expression patterns in
tunicates, but separate gene lineages in both protochordate and
vertebrate evolution. Insulin and IGF have a distinct

evolutionary history of more than 600 million years.



8]
(93]
(8]

Introduction

The insulin superfamily is comprised of insulin, insulin-like
growth factors-l and -ll (IGF-I and -Il), relaxin and several
invertebrate insulin-related peptides. The superfamily
represents a group of structurally related peptides that are
essential in growth, development and metabolism (Froesch et al.
1985: Daughaday and Rotwein, 1989). Many different vertebrate
insulin and IGF sequences have been isolated and sequenced
(Daughaday and Rotwein, 1989). Even within the same species,
several different forms of insulin and IGF-I have been identified
(Chan et al. 1979; Shamblot and Chen, 1992; Adham et al. 1993;
McRory and Sherwood, 1994; Perfetti et al. 1994; Kavson et al.
1994). Sequencing of peptides and cloning of different insulin
and IGF-related cDNAs reveal a high degree of identity in the
sequence of the functional domains and in gene organization.
The similarity between family members suggests insulin and
IGF may have evolved from a common ancestral gene (Steiner et
al. 1984; Ebberink et al. 1989; Chan et al. 1990). However, it is
not known when the divergence of insulin, IGF, and insulin-
related peptides took place.

A unique group within the insulin superfamily of peptides
includes silkworm bombyxin A1, B1, and IV, molluscan insulin-
related peptide-l and -lI (MIP-I and -ll) and locust insulin-
related peptide (LIRP). These peptides have sequence and

structural identity with insulin, although the sequence for
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receptor binding is distinct from that of vertebrate insulin
(Adachi et al. 1989; Smit et al. 1991). For invertebrates there
are radioimmunoassay (RIA) data and immunocytochemical
evidence for the presence of insulin and related molecules, but
the structures are not known (Bevis and Thorndyke, 1978;
Plisetskaya et al. 1978; O'Neil et al. 1986; Galloway and
Cuttfield, 1988; Thorndyke and Goldsworthy, 1988).
Immunocytochemical evidence suggested that an insulin-like
molecule was synthesized within the tunicate Pyura
pachydermatina (Galloway and Cuttfield, 1988). High pressure
liquid chromatography (HPLC) and RIA evidence supported this
observation in that two fractions contained immunoreactive
insulin from P. pachydermatina's digestive tract. Sequence data
was not obtained. In addition, O'Neil et al. (1986) have reported
the presence of insulin-like immunoreactive cells in the neural
ganglion of the ascidian Ciona intestinalis. However, an
authentic insulin molecule has yet to be identified and
sequenced in an organism ancestral to the vertebrates.

The developmental pattern and evolutionary position of the
tunicate suggest that a neotenous relative of the tunicate was
the progenitor from which vertebrates evolved (Ebberink et al.
1989). To investigate the evolutionary pathway of the insulin
gene family, we have cloned, sequenced and determined tissue
expression of an invertebrate insulin and insulin-like growth

factor from a tunicate Chelyosoma productum.
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Materials and Methods

Preparation of tunicate cDNA by construction of library

Tunicates (Chelyosoma productum) were removed from their
tunic and the top half, consisting predominately of the neural
ganglion, neural gland and dorsal strand plexus, was removed
from the gonad, gut and branchial basket. The tissue was placed
in liquid nitrogen and stored at -80°C. Total RNA was extracted
with an acidic guanidinium thiocyanate method (Chomczyski and
Sacchi, 1987) and poly A+-rich mRNA was purified using the
Poly A+ Attract System (Invitrogen). A cDNA library was
constructed with the uniZap-cDNA synthesis kit and Gigapack
packaging mix (Stratagene) according to the manufacturer's

instructions.

Amplification of tunicate igf by PCR

DNA was amplified by PCR using an aliquot from the cDNA
library lysate and primers corresponding to conserved amino
acid sequences in salmon IGF-l. Primer A (5'-
ggccccgagacccetgtgtg gg-3') corresponded to the nucleotides
encoding the first seven amino acids of the B domain and primer
B (5'cacaagtacattcgagccge-3') to the nucleotides encoding the
last 7 residues of the A chain. Amplification was done in a
50ul volume (0.2ug cDNA, 5U Taq, 1x Taq buffer (Pharmacia),
200mM dNTP's, 2.5mM MgCl2, 20 pmol primer A and B) with 40
cycles at 94°C for 1.5 min, 46°C for 2 min, 72°C for 2.5 min and



a 5.3 min extension at 72°C. PCR reactions were purified by
electrophoresis through a 3% agarose gel. The resulting bands
were cloned into pBluescript KS+ (Stratagene), electroporated

into XL-1 Blue (MRF') competent cells, and prepared for

sequencing with an alkaline hydrolysis method (Birnboim, 1983).

Both strands of the plasmid were sequenced with [a-35S] dATP
using the chain termination method (Sanger et al. 1977) with
Sequenase 2.0 (US Biochemical Corp.) and Vent (exo-) (New
England Biolabs). All sequencing gels were 6%
polyacrylamide/7M urea wedge gels, dried under vacuum at 80°C

and exposed to Kodak XAR-5 film for 12-24h.

Assay of mRNA by tissue reverse transcription and PCR
Messenger RNA was isolated using the poly A+ Attract

System (Invitrogen) from the following tissues: neural gland,
dorsal strand/neural ganglion, gonad, gonad/digestive gland,
intestine, heart, tunic and branchial basket. Single stranded
cDNA was synthesized from 0.5pg poly A+ mRNA for each tissue
using 200U avian reverse transcriptase (H- Superscript, BRL),
10mM dithiothreitol, 10mM each dNTP, 160U RNA guard, 2mM
Oligo dT2q, and 1X H- RT buffer in a total reaction volume of
20ul. The reaction proceeded for 90 min at 42°C followed by 5
min at 90°C. For DNA amplifications primers were prepared to
match the tunicate sequence. Primers 1 (5'-ccgtaccttactcga
gtaa) and 2 (5'-ctgcatcctatcgtaacg) were designed to hybridize

with the tunicate insulin 5’'UTR and 3'UTR and primers 3 (5'-
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tacgtagcttacccattgc) and 4 (5'-gatcgtacgatgctgaatcgtcg) were
designed to hybridize to the IGF 5'UTR and 3'UTR. DNA
amplifications were done in a 50ul volume that contained 0.5l
cDNA/RNA mixture diluted 1:5, 1x Taq buffer (Pharmacia),
200uM dNTP's, 2.5mM MgCl2, and 20 pmol each of primers for
tunicate insulin (primers 1 and 2) and tunicate IGF (primers 3
and 4) (Figure 6.1). All reagents, except the DNA polymerase,
were mixed, layered with mineral oil, and heated to 95°C for 5
min. The mixture was frozen rapidly in a dry ice/ethanol bath
and 5U Taq DNA polymerase was added on top of the frozen oil.
The tubes were replaced in the preheated 95°C thermal cycler

where 40 cycles at 95°C for 1 min, 56°C for 2 min, and 74°C for

1.5 min were completed.

Detection of positive clones with library screening

A total of 50,000 plaque forming units from a tunicate cDNA
library were screened. Duplicate nylon membrane (Bio-Rad)
lifts were prehybridized at 50°C in 6x SSC, 5x Denhardt's
solution, 0.5% SDS for 4 h. The hybridization solution,
consisting of 6x SSC and 0.5% SDS, was added to the [a-
32P]dCTP (Dupont) labelled probe, and incubated at 50°C
overnight. The probe was a 165bp fragment obtained from the
PCR reaction above. The membranes were washed under high
stringency (0.1xSSC/0.1%SDS) for 50 min at 65°C, then exposed
to Kodak XAR-5 film for 5 days at -80°C. Isolated single

positive clones had inserts rescued with in vitro excision.



Detection of insulin mRNA using in situ hybridization
Localization of the tunicate preproinsulin mRNA in whole
mounts of the neural ganglion of Chelyosoma productum was
done by in situ hybridization using a digoxigenin (DIG)-labeled
(Boehringer Mannheim) tunicate insulin (bp 351-495) and igf
(bp507-671) RNA probes. From the insulin and igf cDNA clones,
the regions to be used as the RNA probes were removed with
restriction enzymes and subcloned into pBluescript.  All RNA
probes were synthesized, purified, and tested as to the
manufacturer's (Boehringer Mannheim) instructions. The
changes in protocol for fixation, prehybidization and
hydridization are listed below. The tunicate neural gland and
ganglia were dissected and pinned on Sylgard coated dishes and
fixed for 3 h in 4% paraformaldehyde in phosphate buffered
saline (PBS) (pH 7.4). The fixed tissues were washed in PBS and
soaked overnight in 30% sucrose. Tissue was embedded in O.T.C
compound and 10um sections were taken, then allowed to dry on
poly-L-lysine coated slides. Sections were fixed again in 4%
paraformaldehyde for 5 min, washed 3 times in PBS (5 min each)
and placed for 10 min in 2 X SSC. Prehybridization was in 2 X
SSC for 2 h at room temperature. This solution was exchanged
for the hybridization solution that consisted of 2 X SSC with a
DIG-labeled RNA probe diluted 1:200. The hybridization solution
was incubated overnight at 42°C. The sections were washed
with SSC (0.5 X SSC) followed with 2% normal goat serum in
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TBS buffer for 30 min at room temperature. The remaining
steps involving the anti-digoxigenin antibody and the substrate

detection were done as to the manufacturer's instructions.
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Results
cDNAs encoding tunicate insulin-like and IGF-like
peptides.

To generate a probe from tunicate insulin-like and igf-like
cDNAs, the PCR method was used with primers corresponding to
salmon IGF-1 A and B domains (Wallis and Devlin, 1993). The
resulting fragment, which encoded tunicate IGF, was used to
screen the cDNA library. Screening of 50,000 clones resulted in
10 positive clones that were purified and sequenced. Six of the
clones encoded insulin, one clone encoded tunicate IGF (Figure
7.1a), and the remaining three clones could not be identified.
The cDNA and deduced amino acid sequences of both clones have
a high degree of identity. The deduced amino acid sequence of
tunicate preproinsulin (signal peptide and B-C-A domains) has
87% identity with the tunicate preprolGF, although tunicate
preproinsulin is considerably shorter than preprolGF.

The tunicate insulin cDNA clone is 495bp and the deduced
amino acids encode a signal peptide, and domains for B, C, and A
chains (Figure 7.1A). Like other vertebrate insulins, but unlike
amphioxus insulin-like peptide (ILP) (Chan et al. 1990), D and E
domains do not exist due to the presence of a stop codon at the
end of the A domain. The deduced peptide of the tunicate insulin
C-domain is 4 amino acids shorter than that found in human
insulin, contains little sequence homology, and is flanked by

dibasic cleavage



Figure 7.1: Nucleotide and deduced amino acid sequence of (A)
a tunicate 495bp insulin cDNA and (B) a tunicate 671bp igf
cDNA clone. The primers used for the expression study are
underlined or overlined. Coding regions are indicated by the B,
C, A, D, and E labelled boxes and the 5' and 3' untranslated
regions by the thin lines. The black box encodes the signal
peptide and the box with the horizontal lines indicates the extra
base pairs in the B-domain of the igf cDNA clone compared to
the tunicate insulin clone. Dibasic cleavage sites for the C
domains are indicated by lysine and arginine. The cysteine
residues are illustrated above each clone with C, and the clone-

specific primers (1-4) are shown.
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sites in the precursor protein. However, the residues of the
tunicate insulin B and A domains have a high degree of identity
to human insulin, hagfish insulin, and the amphioxus ILP (Figure
7.2A). A comparison of the deduced amino acids of mature
tunicate and human insulin show 64% identity.

The other clone that was sequenced has structural and amino
acid sequence characteristics (Figure 7.1B, 7.2B) consistent
with that of vertebrate IGF-I and -ll (Rinderknecht and Humber,
1978a, b; Jansen et al. 1983; Bell et al. 1984), and amphioxus
ILP (Chan et al. 1990). The tunicate igf cDNA is larger than the
insulin clone at 671bp, has dibasic processing sites flanking the
C domain, but does not contain a stop codon at the end of the A
domain, and therefore, codes for additional D and E domains.
Like the tunicate insulin cDNA, the tunicate igf cDNA contains
coding regions for B, C, and A domains. However, an unusual
feature within the B domain is that tunicate igf has an
additional region of 42bp. This sequence, which appears to be a
repeat within the B domain, was not found in the tunicate
insulin cDNA sequence. The number of deduced amino acids for
the tunicate IGF D and E domains are 13 and 14 amino acids,

respectively.



Figure 7.2: Alignment of tunicate insulin andIGF with several
other family members. Tunicate insulin (A) and IGF (B) are
aligned with amphioxus ILP, hagfish insulin and IGF, silkworm
bombyxin A1, human IGF-I and human insulin. Identical amino
acids between human and tunicate insulin and IGF are indicated
by a *, and for better alignment of the two sequences a dotted

line (---) was used to frame shift the clones.



A)

TUNICATE INSULIN

B/A

A-DOMAINS

B-DOMAINS

QNRYLCOSALADVLSBYVCGNRGYTPTIFZR

-

643
76%
408%
438
55%
56¢

ZEEAL £ -
VUVVVUOVO
3¢ 21 3¢ 2t 2
ZOZXaAX -
MMM -
NaARATIAN
ACREZID> & -
raxdae
AXNHID>I
aqaeaaaq -
VVUOVVOD
H>PZXOMm .
LR 31 % 4 & J
BNl -
VUVVOVOVOO
VUVVVOUL
RO
MMM QAQ -

>E>DPOPOO>
HEHIHHHHN
Ce 0000000

RT
*

P
.

LI AR 2R BN 2N

x Q -
XK mE -
KXE O -
Sty e
coaQ >x -
AN ke

R W-1 R I
R R
VOO0
o ool kel
mzZz>maaQ
cooxTAO -
VUVOVVUDL
PO LADD> -
AmHAQNN -
MM LRO -
EEEr L
KOS .
mazxL£aa -
>PRKO>LD>D> -
KRR
Q@M -
aaKkeg .
CTVUVOO00
VVVUVVO
AAAXNIT AN
MM mEEE
MmO DINn -
B> am -
SOHMIY -
- xC

AUMAN INSULIN
HAGFISH INSULIN
BOMBYXIN Al QQP
BAGFISR IGF
HUMAN IGP-L
CONBRNSUS

AMPHIOXUS ILP

B)

B-DOMAINS

ARBLCGBSBYARILBVCGN
LA ]

RGYYFQPRT
LK I »

>«

TUNICATR IGF

] x

eme KE -
acad B -
M e O [ - g
Z> O AE -
Bufn @ >4 -

LR -1 I
e B D43 B B B
L N N NN N
(XL KX ¥
cazZM> . -
caoxoo -
VDUV OOO

Vooermooaonmmaeaaaoonen
Veoomoeaomomeooooe=
Veooooooeonoaanmeaoene
L meneaocceneececne=
Am e mosccneaacsenaen-
Veoreoeownaennanma

SN B
- X I R
XX -
KEDHLL -
acakxm -
S>> LL>D> -
EEEEEEE
Mg semam o
famgKa -
L NN N NN
VUVVVODO
EE R NN
HEHMEHEXRME .
MMMIO -
> ERE -
OO P> -

(- ¥ 8 1

g

f
| &
LR
ainat
EH

B/A/D/E

E-DOMAINS

RHARAAPS8GGRRSBPL

*

D-DOMAINS

PYBTAS8S8RPAHRHPLEK
"

A-DOMAINS

]

L]

L]

[ 8 3
s

M
Q=

R

Qs
LR

C R4
Ue
e

"=

>«

TUNXCATR IGP

45%
43%
67%
ass
38
48%

Kaaq
L]
o™
an<
[ ]
mxm
L3 ¥
- X}
< & O
X1 ]
>RE
Qo
-

< B
> <
<ae
LI
L
< < <
O S &
Kna
»3 00
LX)

KKZ ZZ

VVUUVOUO
PR R R R
EXxoazz -
MM IOM -
EE RNt
ZIRDZC -
L N-E R
TN DT
anqaonann -
ovvVoLOY
AOD> @ -
EKZEKD .
B>t D E -
YUVVUODO
vVvVLVYLD
MMM MOO -
aMmasen -
LA A d
HHEHAHMHM
LN N NN

HAGFISR IGF
AMPHIOXUS ILP
BOMBYXIN Al
BAGFISH INSULIN
BUMAN INSULIN
CONSENSUS

AUMAN IGP-1



o
iy
W

Tissue expression of tunicate insulin and igf mRNA

A sensitive PCR detection method for the presence of
tunicate insulin and igf mRNAs in various tissues was
developed. For each cDNA clone, primers 1 & 2 and 3 & 4 (Figure
7.1) were designed for the 5' and 3' untranslated regions. These
regions were distinct and allowed the specific detection of
either insulin or igf mMRNA/cDNA. Reverse transcribed cDNA of
various tunicate tissues was amplified with clone-specific
primers and the results are shown in Figure 7.3. In Figure 7.3A
tunicate insulin was amplified in the lanes containing the cDNA
from neural gland, neural ganglion/dorsal strand, intestine,
gonad/digestive gland, gonad only, heart, and positive control.
No bands were detected in the lanes containing the cDNA of
branchial basket, tunic, negative control, or the tunicate igf
cDNA clone. In Figure 7.3B tunicate igf was amplified in the
lanes containing the cDNA from the same tissues as above.
Bands were not detected in the lanes containing the ¢cDNA of
branchial basket, tunic, negative control, or the tunicate insulin
cDNA clone. The RNA preparation used in all DNA amplifications
did not appear to be degraded as determined by a consistent
smear on an ethidium bromide stained gel.

In addition, to investigate the presence of insulin and IGF
mRNA expression within the tunicate neural ganglion | used
insulin and IGF RNA probes to find insulin expression localized
in cortical cells of the neural ganglion (Figure 7.5 and 7.6). The

in situ  evidence confirms the presence of tunicate insulin
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mRNA in the cortical cells of the neural ganglion. Therefore,
tunicate insulin mRNA expression in nervous tissue, digestive
gland, and intestine confirms a more widespread expression in

animals that evolved earlier than vertebrates.
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Figure 7.3: Tunicate insulin and igf cDONA detected by a
reverse transcriptase/PCR assay. (A) PCR reactions with
tunicate insulin primers contained tissue cDNA as follows:
neural gland (lane A), dorsal strand/neural ganglia (lane B),
gonad (lane C), gonad/digestive gland (lane D), intestine (lane E),
heart (lane F), tunic (lane G), branchial basket (lane H), tunicate
igf cDNA clone (lane 1), negative control (lane J), and insulin
cDNA clone (positive control; lane K). (B) PCR reactions with
tunicate igf primers contained tissue cDNA as follows: neural
gland (lane A), dorsal strand/neural ganglia (lane B), gonad (lane
C), gonad/digestive gland (lane D), intestine (lane E), heart (lane
F), tunic (lane QG), branchial basket (lane H), tunicate insulin
cDNA cilone (lane 1), negative control (lane J), and igf cDNA clone

(positive control; lane K).
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Figure 7.4: Sections (11uM) of tunicate (Chelyosoma
productum) neural gland and ganglion stained with a
hemotoxylin and eosin stain (magnification=40 times). The
neural ganglion can be seen in the bottom half of the section.
The ring of large cells around the periphery of the ganglion are
overlaid with the blood sinus which contains a few blood cells.
The neural gland (faint rust color) is shown by the strip of

tissue at the top of the section.
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Figure 7.5: Localization of tunicate insulin mRNA by in situ
hybridization. (A) insulin anti-sense mRNA (magnification=40
times) and (B) insulin sense mRNA (magnification=16 times)
are shown in sections of the neural ganglion of Chelyosoma

productum by in situ hybridization using a DIG-labelled RNA

probe.
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Figure 7.6: Localization of tunicate igf mRNA by in situ
hybridization. (A) igf anti-sense mRNA (magnification=40
times) and (B) igf sense (magnification=40 times) mRNA are
shown in sections of the neural ganglion of Chelyosoma

productum by in situ hybridization.
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Discussion

| report here the structure and tissue expression of two
distinct tunicate cDNAs that have high sequence and structural
identity to mammalian insulin and IGF-I and -ll. In addition, the
tunicate cDNAs encode precursors with the characteristic
organization of other members of the insulin superfamily in
that both tunicate cDNAs encode B, C, and A domains, and
tunicate IGF encodes additional D and E domains. These common
factors demonstrate that the two tunicate cDNAs are indeed

members of this superfamily.

Tunicate insulin and IGF are structurally related to
other family members.

The tunicate insulin amino acid sequence as deduced from the
cDNA contains many of the residues that are essential for
structure and function. The hydrophobic residues at positions
B5, B10, B11, B14, B17, A60, A61, A71, A74 and A77 (Figure
7.1) are responsible for the hydrophobic core necessary for
proper tertiary structure (Nagamatsu et al. 1991). Also
conserved are the six cysteine residues at positions B6, B18,
A64, A65, A69, and A78 essential for the disulfide linkages of
the B and A domains in the mature peptide (Figure 7.1)
(Nagamatsu et al. 1991). The 6 cysteine residues and the
hydrophobic core are characteristics of the insulin superfamily.

These characteristics are seen in other related peptides



including human and hagfish insulin, insect bombyxin, locust
insulin-related peptide (LIRP) and the amphioxus ILP. In
addition to the cysteine and hydrophobic residues, the tunicate
insulin and IGF have, like other vertebrate insulins and IGFs, but
not like the insect family members, residues thought to be
responsible for receptor binding (Nakagawa and Tager, 1986,
1987; Cascieri et al. 1988; De Meyts et al. 1990). In vertebrates
and tunicates, the aromatic residues in the B domain at
positions 23, 24, 25 are always Tyr or Phe, although the order
varies. Conservation of aromatic residues at positions 23-25 is
seen for all vertebrate insulins and IGF peptides but not that of
the amphioxus ILP (Chan et al. 1990), which has Tyr-Asn-Ser.
The tunicate insulin cDNA has all the amino acids necessary
for proper secondary structure, receptor binding and disulfide
links. In addition, tunicate insulin has a very high sequence
identity to other known superfamily members. The deduced
amino acids of the mature tunicate insulin have 74% identity
with the B and A domains of the amphioxus ILP, 48% identity to
mature hagfish insulin, and 44% to the insect peptide Bombyxin
A1 (Figure 7.2) (Adachi et al. 1989). However, the mature
tunicate insulin peptide has a high degree of identity to human
insulin and IGF-I with 64% and 58% identity, respectively.
Therefore, the tunicate insulin has higher identity with human
insulin than hagfish insulin has with human insulin (51%). The
high sequence identity of tunicate and mammalian insulin was

predicted by Galloway and Cutfield (1988) who showed
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immunoreactive insulin from the digestive tract of the tunicate
P. pachydermatina using an antisera directed against porcine
insulin. The lack of success in showing cross-reactivity using a
hagfish insulin antiserum led them to predict correctly that the
amino acid sequence identity of tunicate insulin would be closer
to mammalian than hagfish insulin.

The tunicate igf cDNA encodes the correct amino acids for
proper IGF-l and -Il tertiary structure, receptor binding and
disulfide links. Also, characteristic of other IGFs, the tunicate
IGF contains D and E domains. However, an extra 14 amino acids
are encoded within the B domain. The nucleotides and deduced
14 amino acids have a high degree of identity to 16 residues
that immediately precede them (Figure 7.2). Positions 2-17 of
the tunicate IGF B-domain match closely the repeat segment

(residues 18-31), and probably arose by a duplication event.
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The addition of extra bases is not unique among this family.
For example, one of the molluscan insulin related peptides (MIP-
1) has additional base pairs within its C domain (Smit et al.
1991) and among family members it is not uncommon for the C
domain to vary in length. However, this is the first report of

extra bases resulting in an extended B domain; neither the
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function of the extra coding region nor the effect of an extra
cysteine within the B domain is known. The D and E domains of
the tunicate IGF have a structure similar to that of mammalian
IGF-I sequences and amphioxus ILP. The tunicate D domain of
13 amino acids is 1 residue longer than the amphioxus ILP D
domain and 3 residues longer than the human IGF-[ D domain.
The deduced sequence of the tunicate E domain is shortened to
only 14 amino acids and is 21 and 176 residues shorter than the
respective human IGF-1 and amphioxus I[LP E domains. The E-
domain's 14 amino acids are the least conserved region of the
tunicate IGF precursor, which may reflect the removal of the E
domain in the mature peptide. It is not known if this shortened
E domain is normal for the tunicate or is the result of
alternative intron-exon splicing as seen in vertebrate igf-/
genes (Baskin et al. 1987; Lowe et al. 1988; Wallis and Devlin,
1993).

Due to the high degree of identity between the two tunicate
cDNAs, the deduced tunicate IGF sequence also has a high degree
of identity to other family members (Figures 7.2 and 7.7). A
comparison of the deduced amino acids shows the tunicate IGF
has the highest identity to amphioxus ILP with 73%. Some
degree of identity to tunicate IGF is seen with other
structurally related IGFs such as human and hagfish IGF, which

are 55% and 48% identical, respectively.
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Figure 7.7: Comparison of tunicate insulin and IGF to related
molecules. (A) The amino acids identity is given as the number
of identical amino acids to the total number of amino acids and
as a percent. (B) Alignment of the deduced amino acids for
human IGF-l1 and IGF-Il in comparison to the tunicate (t) IGF.
The tunicate sequence is located in the middle and the two
human sequences on the top and bottom. Identical amino acids

are indicated by a *.
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Tunicate insulin and igf mMRNA are expressed in neural
ganglion and other tissues

To gain insight into the role of each of the two tunicate
mRNAs, we prepared primers specific for each clone and studied
tissue distribution of each mRNA. Tunicate insulin and igf
mRNA expression was not restricted to a single organ as hagfish
IGF expression was restricted to the liver. Rather, both mRNAs
were expressed in all tissues studied, except the tunic and
branchial basket. In separate reports, it was shown that an
insulin-like peptide was expressed solely in the digestive tract
(Galloway and Cuttfield, 1988) or in the neural ganglion (O'Neil
et al. 1986) of two different tunicates using antisera directed
to porcine and salmon insulins, respectively. However, these
differences may be due to the species of tunicate, antibody, or
form of insulin-like peptide in the studies. Also, reverse
transcriptase-polymerase chain reaction (RT-PCR) is
considerably more sensitive than immunological detection
because the cDNA is amplified many times. Here for this thesis,
in situ techniques were used with the same species of tunicate
from which insulin cDNA was isolated. However, only the neural
ganglion and gland have been studied to date.

The DIG-labeled RNA probes were produced in our lab and the
sectioning and staining were performed by Lijuan Sun. Using the
RNA probe specific to tunicate (C. productum) insulin and IGF,
we found expression of both genes localized in cortical cells of

the neural ganglion (Figure 7.5 and 7.6). However, neither
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insulin nor IGF containing cells were clearly detected in the
neural gland using the RNA probe. This lack of staining within
the neural gland may have been due to low levels of mMRNA not
detectable with in situ techniques. However, the positive
results with the PCR may be due the sensitivity of the PCR or
conversely due to a piece of neural ganglion contaminating the
neural gland. Therefore, the in situ evidence confirms the
presence of insulin in the neural ganglion. The widespread
detection of insulin-like peptides in previous studies is
confirmed with our evidence that tunicate insulin and IGF are
expressed in the tunicate neural ganglion, neural gland,
intestine, gonad/digestive gland, gonad only and heart. Previous
reports identified insulin in pancreas and brain of vertebrates
(Baskin et al. 1987), intestine of hagfish (Peterson et al. 1975)
and the brain of insects (Adachi et al. 1989) and molluscs (Smit
et al. 1988). Therefore, tunicate insulin mMRNA expression in
nervous tissue, digestive gland, and intestine confirms a more
widespread expression in animals that evolved earlier than
vertebrates. The expression in gonad and heart is interesting
and may reflect the common origin of insulin and IGF because
the latter is known to be expressed in all the above tissues

including the gonad and heart (Duguay et al. 1992).

The origin of separate insulin and IGF molecules

precedes tunicates



The expression of distinct forms of tunicate insulin and IGF
confirms that insulin is an ancient peptide whose origin is still
unknown. It is clear that the tunicate contains a molecule that
is a true insulin in terms of structure and, therefore, the most
ancient form known to date. The tunicate IGF, which is also
very similar in nucleotide sequence to the amphioxus ILP, fits
Chan's proposed evolutionary pathway for IGF-I and Il (Chan et
al. 1990). However, the presence of a true insulin within the
tunicate shows that the amphioxus ILP gene is not the
progenitor to both insulin and IGF. Rather, the high sequence and
structural identity of insulin and IGF suggest that an ancestral
parent molecule existed. However, in tunicates the two cDNA's
are likely to have arisen from a gene duplication of an IGF-

insulin progenitor preceding the protochordates.
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Chapter 8

General discussion

The theory of molecular evolution indicates that in the
majority of cases, a domain duplication at the protein level
implies an exon duplication at the DNA level. It has been
suggested that exon duplication is one of the most important
types of internal duplication. Eukaryotic genes generally
consist of many exons and introns, and the neighboring exons
may be at the very least, similar in nucleotide sequence to one
another. These facts suggest that related genes in extant
organisms have evolved by internal duplication and subsequent
modifications of primordial genes that contained one or few
exons. In addition to the increase in the number of exons within
a specific gene, the evolution of a gene family is initiated by
the duplication of a gene or genome to produce two different
genes. Different mechanisms exist which may result in the
production of two new genes. The different mechanisms are
usually classified according to the extent of the genomic region
involved. The following types of duplication are recognized: (1)
partial or internal gene duplication, (2) complete gene
duplication, (3) partial chromosomal duplication, (4) aneuploidy
(chromosomal duplication), and (5) polyploidy (genome
duplication).

DNA duplication events have long been recognized as an

important means in the evolution of increasing the genomic
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size. In particular, the duplication of the entire genome or a
major portion of it, such as a chromosome, may result in a
sudden substantial increase in the size of the genome. Genomic
duplication events have been reported throughout the evolution
of different groups of organisms. Duplication events
(polyploidy) have occurred in notable groups such as some
plants, bony fish and amphibians in which varying degrees of
polyploidy have occurred to increase the genomic size many
fold. After the duplication of exons or genes, three evolutionary
paths exist (1) both genes encode the same protein and do not
change, (2) one gene maintains its original coding for a protein,
however, the other one mutates and evolves into a new but

related peptide or (3) both mutate and become two new genes.

Evolution of the glucagon superfamily of peptides

In the first portion of this thesis, grf/pacap cDNAs and genes
were isolated and sequenced from a bird (chicken), fish
(catfish) and a protochordate (tunicate). It is commonly thought
that the glucagon superfamily arose from a single gene. Exon
and gene duplications of this gene followed by nucleotide
substitutions resulted in multiple distinct genes that encode
mammalian forms of VIP, PHM, secretin, GIP, GRF, glucagon,
glucagon-like peptide-l, glucagon-like peptide-Il and PACAP.
The grf/pacap gene from the tunicate, catfish and chicken span

over 600 million years of vertebrate evolution, and hence,



provide an excellent opportunity to demonstrate the evolution of
the glucagon superfamily.

The glucagon superfamily, as it is observed in mammals, is
composed of nine members that are encoded by genes containing
a similar intron/exon structure, sequence and length (Figure
8.1). Within all genes of the superfamily, the first exon encodes
a 5'-untranslated region and the second exon encodes the signal
peptide with the exception of the VIP gene, which has 2 exons
for the S'UTR (Fig. 8.1). As dictated by function, the length of
the signal peptide is usualyy limited to about 20 amino acids
(60bp), although for several genes in the glucagon family the
signal peptide may be about 40 amino acids.

The third exon represents the most noticeable difference
between family members (Figure 8.1). Only the PACAP and VIP
genes contain a complete exon that encodes a cryptic peptide
although the GRF and GIP genes encode cryptic peptides after
the bioactive regions. It is interesting only the VIP and PACAP
genes contains an exon encoding a cryptic peptide that is
upstram to the exon encoding the bioactive molecule because
the tunicate data suggests these two ancestral genes were the
genes from which the extant glucagon superfamily evolved.
Gene duplications of the ancestral gene appear to have resulted

in new members that lack exon 3 encoding the cryptic peptide.



Figure 8.1: Schematic diagram of seven human glucagon
superfamily genes. The exons are shown by boxes and the
introns are shown by lines. The bioactive peptide products of
each gene are shown by a black box or by a hatched box if a
second active product is encoded. The cryptic peptide exons of
the VIP and PACAP gene are shown by the box with the vertical
lines. The 5' and 3'UTR exons are white boxes and the signal

peptide exons have a star in the box.
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Not all family members have been isolated from
nonmammalian vertebrates. For example, a secretin gene and/or
protein has been isolated only from birds and mammals and a
GIP has been found exclusively in mammals. Also, a distinct
gene that specifically encodes GRF has only been found in
mammals. As shown in Chapters 2-5, GRF is encoded on the
same gene as PACAP in nonmammalian species. We hypothesize
that the grf/pacap gene duplicated and gave rise to the two
separate genes after the split between the avian/reptilian and
mammalian lineages. Therefore, the largest number of members
for the glucagon family is within the mammals. The number of
superfamily members is thought to be decreased in tunicates
because the duplication events that created the new members
did not occur in the tunicate lineage (Figure 8.2). A note of
caution, however, is that a tunicate secretin, GIP or other novel
members related to the glucagon superfamily may not have been
detected by my probe. In tunicates, only two genes in the
superfamily were detected; the high degree of identity between
them suggests that gene duplication was more recent than exon
duplication events. These data suggest the ancestral gene that
gave rise to the glucagon superfamily preceded the
protochordates to a point in time much earlier than previously

thought.



Figure 8.2: Proposed evolutionary pathway for members of the
glucagon superfamily. The diagram is based on the presence of
genes and proteins isolated from different vertebrates and
invertebrates (tunicates). The presence of the highly conserved
PACAP .27 within the tunicate suggests that it was the gene
from which all other members of the family originated. A box
with a * inside indicates the exon encoding the biologically
active peptide, a white box indicates a second or third
biologically active peptide in the gene and the shaded box

indicates a cryptic peptide
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Evolution of the insulin superfamily of peptides

The insulin and insulin-like growth factor-l (IGF-I)
evolutionary story shows a similar pattern to that of the
glucagon superfamily although the gene duplication occurred at
a different time. It was observed in Chapter 7 that the
tunicates encode for two members of the insulin superfamily.
These two members are 87% identical in nucleotide sequence
and have identical expression patterns. |t is apparent that the
two tunicate insulin family members evolved from the same
progenitor from which insulin, IGF-I and IGF-Il originated. With
the isolation of a true insulin and IGF from the tunicate, the
amphioxus insulin-like peptide is most likely an IGF and not the
progenitor of the insulin family as previously thought (Chan et
al. 1990). A more complete picture is now available to
demonstrate how the insulin/IGF family has evolved from
protochordates to mammals. In Figure 8.3, the tunicate is
shown to contain two peptides (insulin and IGF) which are the
result of a recent gene duplication. However, it is not known if
either the insulin or the IGF was the original gene that gave rise

to the tunicate members.



Figure 8.3: Proposed evolutionary pathway for insulin and
insulin-like growth factors. Distinct tunicate insulin and IGF
clones suggest that the insulin/IGF ancestor precedes the
tunicates. The question mark in the amphioxus insulin line

indicates that insulin has not been found to date.
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Therefore, the two different tunicate cDNAs are products
from a point in evolution in which a gene duplication event
produced a new gene. Due to the restriction that one gene
product is needed for its classical function, a slower
evolutionary rate for this gene is predicted. However, the other
gene is speculated to have the opportunity to undergo base pair
changes and evolve into a new but related gene.

The insulin family has undergone several changes to
encompass what we now refer to as the insulin superfamily. It
is apparent a gene duplication of the ancestral gene gave rise to
insulin and IGF. The IGF lineage has undergone several
duplications to encode IGF-lI and IGF-Il. In addition, in Chapter
6, two different IGF-Is were presented to indicate, at least in
catfish, another gene duplication had occurred to encode brain-
specific and ubiquitous IGF-I. These events that led to the
development of the insulin superfamily are in contrast to those
of the glucagon superfamily. The development of the insulin
superfamily appears to have occurred solely by gene duplication
and not exon duplication or elongation of exons. Unlike the exon
and gene duplications that gave rise to the nine different
members of the glucagon superfamily, the insulin superfamily

members originated from many fewer events.



Future directions

With the isolation and sequencing of cDNAs for two members
of two superfamilies from an invertebrate, it is obvious that
the origin of both families precedes the vertebrates. This idea
of such an early origin of peptide superfamilies is very exciting.
Utilizing the tunicate cDNAs as probes, we can examine
organisms that evolved before the tunicates to determine
whether both families can be detected. The most logical first
step is to investigate the presence of PACAP within organisms
that are phylogenetically older than tunicates. In the zoo blot
of Chapter 5, a hybridization band was observed in the lane that
contained the sea urchin DNA suggesting the presence of pacap
gene in the urchin. However, as in the tunicate, there are two
bands within the urchin DNA suggesting the urchins also contain
a grf/pacap and glucagon/vip gene. A logica! second step would
be to investigate the presence of PACAP and/or VIP in
organisms that are more ancient than the echinoderms. Using
the argument of exon and gene duplication, | think that
phylogenetically older organism will be found with only one
gene encoding a PACAP-like molecule. This idea is supported by
the high identity between the PACAP and VIP exons and genes in
tunicates. The data imply that the order of duplication was
first the exon followed by the gene. Therefore, | speculate that
at point earlier than protochordates in evolution, a single gene

encoding a PACAP-like exon will be found.
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The evolutionary position of the tunicate glucagon
superfamily is shown in Figure 8.2. However, the events which
occur before the tunicate appeared in evolution are strictly
hypothetical. The events that are shown in the vertebrate
lineage are based on available sequence data. To find an
organism that contains a single PACAP exon without exons
encoding related family members, a probe of the tunicate PACAP
cDNA could be used. The main problem of isolating sequences
from these phylogenetically ancient organisms is the
degeneracy of the nucleotides and hence the inability of primers

or probes to bind to the target DNA.

PACAP and GRF as growth factors

The other direction in which this research may proceed is to
determine the effects of GRF and PACAP together or alone. It is
well established that GRF is an effective releaser of GH in
mammalian systems. However, the function of PACAP has been
shown tentatively to be 1) a releaser of anterior pituitary
hormones, 2) a putative posterior pituitary hormone, 3) a factor
that may have a role in the development and maintenance of
various cells within embryos. In addition to PACAP's potential
role as a releaser of pituitary hormones, preliminary evidence
shows that PACAP promotes neuroblast proliferation and
neurite outgrowth in the cerebral cortex, cerebellar granule
cells and sympathetic ganglia of fetal mice. Further evidence of

PACAP's role as a potential growth factor is based on the



following: PACAP promotes proliferation of mouse primordial
germ cells; PACAP is produced in specific tumour cells; PACAP
receptors are detected on human glial cell tumours; and PACAP
is expressed early in rat brain development with levels peaking
at birth. Meanwhile, mammalian GRF has also been shown to
affect somatotroph differentiation in the embryonic chicken
pituitary and to accelerate the development of chick
neuroblasts and synthesis of neurotransmitters. In addition, the
evidence presented in Chapter 4 shows that the chicken
grf/pacap gene is expressed very early in development (day 5), a
time when neither the pituitary nor the portal system is
developed. This early expression is also seen in the mammal in
which the two independent genes are expressed prior to the
development of their classical target, the pituitary. Within the
rodents, PACAP mRNA has been shown to be expressed starting
at embryonic day 9.5 and protein is detected on day E14 with
protein levels peaking just prior to birth. Within the
mammalian system only GRF has a defined role in the release of
growth hormone. In contrast to this, PACAP's role as a releaser
of pituitary hormones may be only one function in a network of
functions. In addition, GRF has been shown to enhance the
differentiation of pituitary somatotrophs and PACAP has been
shown to promote the proliferation of primordial germ cells.
Therefore, another role of these neuropeptides may be as a

growth or differentiating factor within the nervous system.



In the human fetus a developmental disorder has been
identified as holocephaly. The symptoms are defined as the lack
of a forebrain, and nonfunctional eyes and ears resulting in
death within hours after birth. In this disorder, the defect is
that the short arm of chromosome 18 is missing. Further
investigations have localized the chromosome defect to a finite
region of the short arm of chromosome 18-PT1100, a region
that also encodes PACAP, at least in humans. It is extremely
speculative but the lack of PACAP by itself or in combination
with another protein also encoded on the short arm of
chromosome 28 may result in this disorder. This proposed
additional role in brain development for the two peptides is
exciting in contrast to the original idea that the only role of
these neuropeptides is to release pituitary hormones.

A technique that could provide evidence of PACAP's role is
the preparation of a transgenic mouse in which the native pacap
gene is replaced with a nonfunctional gene. The "knock-out"
mouse is produced using a gene encoding a mutated form of
PACAP. The altered gene, injected into the dividing cells,
results in the exchange of the native PACAP gene with the
mutated one. Any physical abnormalities in the mouse can then
be attributed to the lack of PACAP. Another method to
determine the role of PACAP is to destroy the cells that express
PACAP. A construct that contains a truncated diphtheria toxin
cDNA driven by the PACAP gene promoter will express the toxin
only in cells that normally transcribe the PACAP gene. The



truncated toxin is about 30 times less potent than the normal
form, but is sufficient to cause the death of the PACAP
transcribing cell. This cell-specific ablation using the
truncated diphtheria toxin would ablate all cells that normally
produce PACAP and, in turn, prevent all native PACAP
expression. The physiological effects can be attributed to the
lack of PACAP. These defects created by the ablation of the
PACAP synthesizing cells would create a physiological scenario
similar to the knockout mouse.

Finally, the physiological effects of PACAP and GRF can be
studied by overexpressing the peptide in a transgenic animal, or
testing the peptide in vivo or in vitro in cell culture. The
underlying question is whether the structural changes in

evolution have resulted in functional changes.





