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A bstract

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 resulting 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 m em bers.

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 -II, 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 

superfam ily .



m

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/PACAP1.27 and a  second gene encoding glucagoni- 

27/VI P i -27. 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 GRF1.27 and PACAP1.27 are each 

on separate, but adjacent, exons in one gene; likewise 

g lucagoni-27 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.
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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 dem onstrated 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-II. 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/polym erase 

chain reaction (RT/PCR). In situ analysis confirmed that the 

insulin and igf mRNA 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 

immunohistochemistry 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 (EOF) was found in the submaxillary gland (Carpenter and 

Cohen 1979); insulin like-growth factors I and II (IGF-I and IGF- 

II) were extracted from the liver (Jones and Clemmons 1995); 

and transforming growth factors (TGFs) were originally purified



from neoplastic cells (Sporn et a/.1986). However, It soon 

becam e 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".

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 sam e 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-II 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



dem onstrated 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 a i 1993). All actions 

appear to occur through the sam e 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 Relchiln 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 (Relchiln 1960a,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 

determ ined (Dharlwal ef a/. 1965: Frohman et af. 1971; Schally 

at a i  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 

ai. 1982; RIvler 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. RIvler and co-workers (1982) found a  40- 

amlno-acid GRF peptide with a free carboxy terminus within 

their tumour extract. In addition to a 40-amlno-acld form.



Guillemin et a i (1982) found a 44-amino-acid, amidated GRF 

peptide as well a s  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 a i 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), ham ster (Ono et al. 1994), cow, goat (Esch et al. 1983; 

Brazeau et al. 1984), sheep (Brazeau et al. 1984), pig (Bohlen 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 a s  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 

(Soanes and Harvey 1984), amphibians {Rana perezi) (Malagon et 

al. 1991), goldfish (Peter at 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 at 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 at al. 1985; Meigan at 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 at al. 1985; 

Meigan at al. 1988). The low molecular weight placental GRF- 

like peptide co-eluted on the HPLC with hypothalamic GRFi .4 3 0 H



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 a i 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 ai. 1990; Bagnato et 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 S'- and 3'-untranslated regions, the 

function of which is unknown.
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The regulation of the GRF gene in the gonads may not be the 

sam e as in the brain. There is evidence that the testicular g rf 

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 

follicular 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 a i 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
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comparison to the first 27 amino acids of PACAPi.as (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 GH3 

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 II receptors that bind PACAP on both somatotrophs 

and gonadotrophs (Murakami et al. 1995).
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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 ai. 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 

superfam ily

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) (Itoh et al. 1983), glucose-dependent insulin-



13

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 at 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, Insulln-llke growth factor-1 

(IGF-I) and IGF-II (Figure 1.2). The structure of the Insulin 

molecule has been highly conserved during vertebrate evolution 

(Chance e t al. 1968; Blundell et al. 1975; Outfield et al. 1979;

Chan et al. 1981; Baja] 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 

preprolnsulln 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 mellltus associated with glucosurla, 

ketonurla, 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-1 

and insulin-like growth factor-11. 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 S 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 ai. 

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 CaZ+- 

dependent release of stored insulin, but also increases the 

synthesis of insulin mRNA (Neilsen et al. 1985; Mommsen and 

Plisetskaya 1991).

Insulin-like growth factor is also a member of the 

insulin superfamily

IGF-I 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-II 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-I transcripts in the 

liver and other tissues after administration of GH (Bichell et al. 

1992; Foyt et a i 1992). It is IGF-I rather than GH that is 

thought to promote cell division and differentiation in 

extrahepatic tissues (Romagnolo et a i 1992). The igf-l cDNA 

sequence has been reported from a  variety of animals including 

human (Jansen et al. 1983), rat (Casella et al. 1987; Murphy at
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a i 1987), pig (Tavakkol et a i 1988), cow (Wong é tat. 1989; 

Francis et a i 1988), chicken (Kajimoto and Rotwein 1989), frog 

(Kajimoto and Rotwein 1990), trout (Shamblott and Chen 1992), 

coho salmon (Cao et a i 1989; Duguay et a i 1992), chinook 

salmon (Wallis and Devlin 1993) and hagfish ( Nag mats u et a i 

1991). Also, amphioxus has a cDNA sequence similar to both 

insulin and IGF-I, and thus may be ancestral to both peptides 

(Chan et a i  1990). The sequence identity of IGF-I among all 

species examined is very high; the identity between the human 

IGF-I protein sequence and that of salmon (Gao et a i 1989; 

Duguay et a i 1992), frog (Kajimoto and Rotwein 1989), and 

chicken (Kajimoto and Rotwein 1990) is 80%, 81% and 86%, 

respectively. Within mammals and lower vertebrates, IGF-I 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-I expression that is limited to 

the liver (Nagamatsu et a i 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 e ta /.1988), 

acting as a  neurotrophic factor (Schwartz et a i 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-I 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



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 overlooked 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. I 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, I 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, I 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 PACAP1-27 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.
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In the sixth and seventh chapters of my thesis, I 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 mRNA 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. I 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. I isolated from 

tunicate and sequenced two cDNAs encoding distinct insulin and
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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. I 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. ShenATood
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Summary

The chicken growth hormone-releasing factor {grf) gene was 

isolated, sequenced and characterized. In addition, three 

different mRNAs were isolated from juvenile and adult brain.

The first cDNA encoded GRF1.4 6 , the second cDNA encoded 

G R F 1.43 due to a sliding intron-exon boundary and the third cDNA 

skipped exon four and encoded GRF33 .4 6 . We also determined 

that juvenile chicken grf/pacap 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 a!. 

1993; McRory at 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 (a-MSH) secretion 

from pituitary cells, GH and prolactin (PRL) from GH3 tum our 

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 

II receptors (Murakami et al. 1995).
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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 at 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 ai. 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
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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 a s  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/PGR) and 

subsequent sequencing of the isolated PGR 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 d l i 2-i8 columns. Single 

stranded cDNA was synthesized with 10|ig poly A+ rich mRNA, 

2mM oligo d l 2o (primer E), 5 X Superscript buffer, 2mM dNTP, 

lOmM DTT, 5U RNA guard (Pharmacia), and 200 U RT Superscript 

(BRL) to a final volume of 25|il. 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 50|il volume with 0.2p.g 

cDNA, 5U Taq, 1x Taq buffer (Promega), 200mM dNTP's, 2.5mM 

MgCl2 , 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 [a-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). AH 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 5’ end, Ijig Poly A+ mRNA was mixed with lOpmol 

primer D, and 7|il DERG treated water to a  final volume of lOpI, 

heated at 65°C for 5min, and then cooled on ice. Single stranded 

cDNA was synthesized with the above mRNA/primer mixture,

5111 Superscript buffer, lOmM dNTP, lOmM DTT, 5U RNA guard 

(Pharmacia), and 200 U RT Superscript (BRL) to a final volume 

of 25[il. The reaction was heated to 42°C for 1.25h and 

terminated by increasing the temperature to 95°C for 6 min. The 

first strand synthesis was concentrated to 12.5 pi, of which 

10pI was extended with dATP, 1pl water and 1pl TdT enzyme 

(BRL). PGR conditions were identical to the above except for the 

use of primers D and E' (oligo dTao)-

Tissue expression using reverse transcriptase/PGR

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 1pg of total
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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 20p.l. The 

reaction proceeded for 90min at 41 °C followed by 10 min at 

90°C. PCR amplifications were done with O.SpI of newly 

transcribed single stranded cDNA from each tissue, 5U Taq DNA 

polymerase, 1x Taq buffer (Promega), 0.2mM each dNTP, 0.4mM 

of primers A (5'-gagccccgcccgtgcttaccgcag) and D (Fig. 2.1), and 

2.5mM MgCl2 in a 50|il reaction for 35 cycles (94°(1')-55®(1.5’)- 

72°(1.75').

Identification of g r f / p a c a p  gene using genomic library 

screening

A total of 10® pfu from the chicken genomic library 

(Stratagene) were screened with the 294bp PGR cDNA fragment 

(primers D/F). Duplicate nylon membrane (BioRad) lifts were 

prehybridized at 50°G in 6 x SSG, 5x Denhardt's solution, 0.5% 

SDS and SOmg/ml sea  urchin DNA (blocking DNA) for 4 h. The 

hybridization solution, consisting of 6 x SSG, 0.5% SDS, and 

lOOmg blocking DNA, was added to the [a-®2 p] dGTP (Dupont) 

labeled probe (2.4x10 ^ cpm/ml) and incubated at 50®G 

overnight. The membranes were washed under high stringency 

(0.1xSSG/0.1%SDS) for 50 min at 50°G, then exposed to Kodak 

XAR-5 film for 7 days at -80®G.

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 S a d  and subcloned into pBluescript KS 

(Stratagene). Three of the four S a d  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 

alcohol (24:24:1) and one additional extraction with 

chloroform:isoamyl alcohol (24:1). The DNA was dialyzed 

against TE (pH 8) overnight. lOfig DNA was digested with either 

EcoRI, S a d ,  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 

NaHP0 4 , pH 7.2, and ImM EDTA at 65°G for 15min. Hybridization 

was in fresh prehybridization solution plus the randomly primed 

a-32p[dCTP] labeled probe (294bp PGR product) for 17hr at 65®G. 

The hybridized membranes were rinsed under low stringency 

with a solution containing 5%SDS, 40mM NaHP0 4  and ImM EDTA. 

The membranes were then washed for 45min at 65°G with fresh 

solution. The wash solution was raised to high stringency by 

changing the SDS concentration: 1% SDS, 40mM NaHP0 4 , and ImM 

EDTA. The membranes were washed twice for 45min at 65®G



52

with fresh solution. After washing, the membranes were sealed 

in plastic and exposed 24hr to Kodak Biomax film with 

intensifying screens a t -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 S a d  (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 GRFi- 

4 6  is the coding region for PACAP1 .3 8  separated from GRF by a  

Lys-Arg processing site. The chicken PACAPi.gg is identical to 

the mammalian form except for the second amino acid, which 

has an isoleucine substituted for an alanine. Clone3.1 (2160bp)



54

Figure 2.1: Illustration 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 5'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 G RFi-46 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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1 ttcctœcacagcaacaaccccggccgaaacaataaaaaggaccactttttggatatgttaaatactgaaattctgactt 80 

81 ttggaccctgg tg taattttttttcctggggg ttccttgctaccaag tg taag tata tta ttgacttttgaatccgatgg  160 

161 gci:rc.tagaaaaaggagt:taatc.cacacacttggggcgt.tt:ctctgagacattccactccatgaaaacagacttccccta 240 

241 agccCcagcaagpcCtgagaccacccCaaaaCgtatgcaCCgtccCtgtCtCccataagcatccttgagCtagccttcCc 320 

321 cgaCgttcaaaCgcagggaggtgaccagaattcgctccgagacacaatgacaaggaaggcatgagcacagaatCaca^a 400 

401 agggaaaaaac^atatcccacccagacaaaacaaagctgtcgccaacaacacgacccatxcaaacccctcatctacggg 480 

481 aagcaagcaaccctgttccgaacacacccactgcccacaacccgacaç^ocagttctgcagcccgcgtcccggaccaggg 560 

561 aC.cgcgcggggcgcactgggcacaaccacatct:tcç^cttctttcttcaaaCtctcagCgCagaaCgtttC.Cat:atCacc 640 

641 ccaaaagccCgagatacaaggtaaacacaggggCacaggCttaaagttccgcgtaagtgtggggaaaacatctccacatc 720 

721 acagagtccggagaaaaggcaaccXgcatctgctgaCgCgcacacacaaatttctatgggttcttcatgccacattaaaa 800 

801 gcci:cacaaggaacct.tCccccaacC.tccagcgttgatCagtgaacagcgcCattagtcatCacacCcaatatactCggt 880 

881 gtccttccttgattttcctgaagaagcagcagtaççgagagctgaatcacgagttttccCcatatttttcttaatgaaaa 960 

961 atcatttgcactgctgtCctggaacacagcaccaggtaaCgCcaacacattagaaagat^caaaagttcccaatcacgg 1040 

1041 gtcccgagCcagctcccttcagtgaggCtaattgagcttccaaCtcgaataCagtgagtagtaCtacgcgcgctcactgg 1120 

1121 ccgCcgntctaaacgtcgCgactgggaaaccctggcgttacccaacttaatcgccttgcagcacacccccctttcgcca 1200 

1201 gccggogcatagcgaagaggcccgcaccgatcgccœacccaacagttgcgcagcctgaatggcgaatgggacgcgccct 1280 

1281 gcagcgcccattaagcgcggcgggaagcccraaatcggggggctcctttaggttccgatcagtgctttacggcacctcga 1360 

1361 ccccaaaaaaactcgattagggtgatggcCcacgtagtggcctacgccctgatagacggttcttttcgccctttgacgct 1440 

1441 ggagtccacgcccltcaacagcg^cccccgtcccaaaccggaacaacactcaaccctaccccggtctactcctttgatt 1520 

1521 cataagggattttgccgatttcggcctattggttaM aaatgagctgatttaacaaaaatttaacgcgaattttaaeaaa 1600 

1601 atactaacgcccacaattcaggtggcactctccggggaaatgtgcgcggggccoctattgtttattttCctaatacattc 1680 

1681 aaatacgcatccgcccacgagacaacaaccctgacaaatgcctcagtaacactgcacaactcacaacggcgaagaaaacc 1760 

1761 atacatcccccœcagacaacccagggcgcctctccacctccaagagatcgatgtcaagagatcgcctagaacatcgtat 1840 

1841 tatcccctLccoggagaggcaagcatacaagaagaatcaactcaatgtgaagaatacatctCagagggatCatacgatga 1920 

1921 ctcccaccctctgatctgggcttctCcctaccgcgcactctgaçagaagcaacogagaactcagcœtttaCaagagtgt 2000 

2001 gattCtagccaaaacgaattccaccccacccaccccaaaagCcggatactgtgggttcagtaccgtgcatc^tcgatcg 2080 

2081 acggagcacgcaCcgacgcCagcacgcacgctagccagctattctCtatttttttttttgtaCgctagataaagctCCcg 2160 

2161 gttcggatttcacgacgccccgcatacgcactgaacctgacatcgacatctccttgcacacccaaactaaaaacaattaa 2240 

2241 gcccattactcatccCcagagaaccaaggtaatcaaggagCctttgcaactgagcaaaagctgtccttcagaaggaatct 2320 

2321 ctccccaacttocagcgCtgattagtgaacagcgctaCtagtcattacactcaatatacttggtgtccttccttgatttt 24 00 

2401 cccgggggaagaagcaggagtaggggagaactgaatcacgagtttccctcatattCtCcttaatgaaaaagctcatcaat 2480 

2481 ggatgctgttctggaacacaggaocaggtaatgtcaaaacattaaaaagatgacaaaagttcccaaggacggatctcgag 2560 

2561 tcgactcacaaccagaggttgccaggacattgcagç^ctgaactttcCctttcaaccctœaatctattttgagctctcc 2640 

2641 agaggaaaCgg^ctCgtccacagtaaccacCgtggctgagataacaaactgcaCtactctctggatatgtCtaaaatac 2720 

2721 cgagactCtaatacgatttCCgcatcccagCgtaatCtcCtttccgatgctagcatcgatgctagcCgggcgggCtatca 2800 

2801 c.gcccaacgccgt:agctgtgataaaaaaaaatgacgcctgCgccgtagcCgatcgaCgcatgcatgaataaaaaaagtgc 2880
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2881 gtgactccgtgccgatgccgtgcttggggctttcttgctaccaagtgtaagtgctatgtgagttgcagcttcgcatttgc 2960 
C A A T -b o x  lA X A A -b c x

2961 agacCcccatgggcaat,tCCtagaaaaag^gttaatCkaatataaatCtggggCgCtCctctgaagacatCtcactcca 3040
3041 cagtgaaaacagatttctCctaagcctcagGCG&AS&XIG£CAGCCCCCCTTXXSTSTCCSXSASITGXCG&GTCG&IIC 3120 
3121 CCXAACCACCC&ACA%CXCXCX6CGCXXCXGCGCCXXCXXCAICCXXGCCX31GCGGMLUCCCGGGAGCCCXXXC31CXCX 3200 
3201 XXCGGCCGCAACXXGGGGAG&XAGCXCX&XXXXXCCCCCCXCCXCXCXSGSGXXXXXCXCCXXXXXCCXCXCXCCCXXXC 3280 
3281 CCXXCCGC&6CCACACGCXCXCAGXGCC6G6XGXC&CAgt:gtgtaaatcaagacttgaggatcaccctaaggtgt:atgcc 3360 
3361 ccgttccCgCtccagtagCacagagCgaatgaaaaaccactggataagcatgtCgagttagcCtctccgatttgggtgta 3440 
3441 ggagtgacaagaatttgctctgagacacagGXXXC AX6 AGX GGC &AI GXG XAX AAA AC6 CXC XXA ACC 3508 

1 K S G H V T K X I . L X 1 1
3509 CXC CXG GXC XAX GGA XXA AXA AXG CAX XGC AAC GXC XAC XGC XCA CCC GAC CGX XGC ACX 3568 

1 2 L L V Y G L I M B C  N V Y C S B  D R W X  31
3569 CCA GXA CCC GGC GCX AAG gtgagtctgtcagCgcaatatgctactctcacatcaggctctgtgtcacaagtcat 3642

32 E V P G A K 37
364 3 ctgccaaCctatcagtgctgttaagtggaattactgagtaggtgcttggcccaccaaggctgagaatccagetgcagtgg 3722 
3723 accagcccacctaccccctgcacacacgtgtggattcaccccatcccctgccaaccctgccaccccatgctgccccacac 3802
4 763 aggaatgactcctcctCCgctactcttatttccactgtatggggttaagaagactcgtcacgctgggctgagcactggag 4842 
4 84 3 cgagctcgctccgtcccgcacggtcccgcggcggggacggggctggggacgtccggctgagcccgcccgtgettaccgca 4 922 
4923 g CXG GAG GAG GAG GXA XAC GAC GAG GAC CGG AAX ACC CXA CAG GAC XXC GCA CIA CGA 4980 

3 8 L E E E V Y D E D G N X L Q D F A L R  56
4981 GCA GGA GCC CCX GGG GGX GGC GGG CCG CGC CCG CGC XGG GGC AGG XGX ACG GCG CXG XAC 5040 

5 7 A G A P  G G G G P R P  R W G R C  X A L Y  76
5041 XAC CCG CCG GGA AAG AG gtgacagaggggcgccggatagggccggggggggagggggggaatgggaaacctaag 5114

77 Y P P G K R 82
5115 ggcccccgggggaggccgggaaataccgtaaccccgccccacctgggctgcgcgagcgggggaggggggtggggagggag 5194 
5195 ggcgcctcggggatgggcgctgacgggccgtgccccggcag G CAC GCC GAX GGG AXC XXC AGC AAA GCC 5263 

83 H A D G I F S K A 9 1
5264 XAC AGG AAA CXC CXG GGC CAG CXG ICC GCA AGA AAX XAC CXG CAC ICC CXG AXG GCC AAG 5323 

9 2 Y R K L L G Q I . S A R I I Y L H S L M A R  111
5324 CGG GXC GG gtaagggctgcggcgggacgggagcgaacaaagcgcggcgcgcggcggccggggcggggcggcccattc 5400 
112 R V G 114
5401 tccccgcggtgctctgccggaacgagagaggcggccgcacccggggctcggcgtccctcccgcggggcagccccgggtgg 5480
5641 cgggttgggtcgggcccgggagggcccctcctgatggttgtgtccttctcggtgctttgcag C GGX GCC AGC AGC 5715 
115 G A S S  118
5716 GGC CXG GGG GAC GAG GCG GAA CCG CXC AGC AAG CGC CAC AXA GAC GGC AXC XXC ACG GAC 5775
119 G L G D E A E P L S K R H I D G I F X D 138

5776 AGC XAC AGC CGC XAC CGG AAA CAA AXG GCX GXC AAG AAA XAC XXA GCG GCC GXC CXG CGG 5835
139 S Y S R Y R K Q H A V K K Y L A A V L G 158

5836 AAA AGG XAX AAA CAA AGA GXX AAA AAC AAA GCA CGC CGA GXA GCG lAX IXG XAC gatgagca 5897
159 K R Y K Q R V K H K G R R V A Y L * 176

5898 accgccgccgccgtgcgtagtcctgagagagagagagagagagagagagagattgagagagagagagagagagagagaga 5977 
5 978 cccaaccaccccaacccaaacaaaag tca tttc caaag tg acg g aacg accg ccg c tcccg tg ttccccaaaca tg ta tt 6057 
6058 c a tg ta ta a g c a a g c c a t ta a a tg a a ta a c a t t t tg a ta a ta a ta tg g t t t tc t t t tg ta c g a a a g c a c a g a tc ta c t t t  6137 
6138 g tg g a c c a a c c c ttg a g c ta ta ta c g a g a ta g a a c a ta ta ta ta c a a ta c tg c c a c c a a a g a g c g a ttc ttc a ta c c a a g  6217 
6218 ccgcaccaggacgagagctcgccC gagctgttagC C tc.taC agaaaacaaatagacgaaaaaaaaaaaaaagacaatcac 6297 
6298 cgcttccaacagcgctccC aC tC C cgtaacggaaacgaaaagggcactgtC tttaC C gccacgggggcgaacaccccagt 6377 
6378 cctcaccgtgcgcgctg tgaC agggagggctcacgcagcaggggC ccccccggcctcgatc tc tc tc tcC atttccccca  6457 
64 58 c c c c c c c c t t t t t tc t tc t tc c c t t tg a t tc c g g tc c ta tc c g ta tc a g tc c tc c tc a g a g c g a tg a g  6525
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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 371 bp 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 g r f / p a c a p  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 mRNA was detected within the brain (lane A), 

ovary/oviduct (lane I) 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



60

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 I, 

ovary/oviduct; lane J, testis; lane K, eyeball; lane L, muscle; 

lane M, negative control (no DMA); 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 lane 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). All 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. 10|ig DNA was digested with one 

of the following: EcoRI (lane A); S a d  (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.
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Discussion

Gene organization implies a gene duplication in 

ancestral mammals

I 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 

intro n/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 Soanes 1992; Sherwood at ai. 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 Soanes 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 5' and S' 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



67

F ig u re  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 mRNA was the most abundant and encodes 

G R Fi.4 6 - The second mRNA has the splice site 9bp downstream 

encoding GRF 1 .4 3 . The third encodes a mRNA that skips exon 

four and therefore omits the nucleotides that encode GRF1.3 2 .
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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 S' 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 GRFi- 

44 may affect somatotroph differentiation in the embryonic 

chicken pituitary (Porter at 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 GRF1.43 and/or GRFi .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 

G R F 1.3 2 . The critical part of the peptide is thought to be 

contained in this sequence as mammalian GRFi .29 is the core
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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 at 

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 GRFi .3 2 . 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.

T i s s u e  e x p r e s s i o n  o f  c h icken  grf /pacap  mRNA o c c u r s  in 

b ra in  a n d  g o n a d s

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 mRNA 

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 catfish.

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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im mu no reactive 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, I have identified the chicken grf/pacap g en e  

and the resulting three different cDNAs. Exon sliding occurs in 

embryo and adult transcripts resulting in mRNA encoding GRFi. 

43 or GRFi-4 6 , and PACAP 1.3 3 . Exon skipping occurs only in 

juvenile and adult brains to produce GRF 33.43 and PACAP1.3 8 . 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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C h a p t e r  3

E m b r y o n ic  e x p r e s s i o n  p a t t e r n  of  th e  c h i c k e n  g ro w th  
h o r m o n e - r e l e a s i n g  h o r m o n e  (GRF) a n d  p i tu i t a r y  

a d e n y l a t e  c y c l a s e - a c t i v a t i n g  p o l y p e p t i d e  (PA C A P )  g e n e .
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S u m m a r y

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 ONS development.
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I n t r o d u c t i o n

In addition to the role of PACAP as a releaser of pituitary 

hormones, preliminary evidence shows that PACAP promotes 

neuroblast proliferation and ne write 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 at ai. 1994); and PACAP is expressed early in rat 

brain development with levels peaking at birth (Masuo at ai. 

1994). Meanwhile, human GRF has been shown to affect 

somatotroph differentiation in the embryonic chicken pituitary 

(Porter at a!. 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, I 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.
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M a te r i a l s  a n d  M e th o d s  

D e v e lo p m e n ta l  e x p r e s s i o n  u s i n g  RT/PCR

Four dozen eggs were placed in a 41 °C humidified incubator 

and beginning on day 1 and at every 24 h thereafter, eggs 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 lOjig total 

RNA, 2mM primer E, 5p.l Superscript buffer, 2mM dNTP, lOmM 

DTT, 5U RNA guard (Pharmacia), and 200 U RT Superscript (BRL) 

to a final volume of 25p.l. 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 lOmin.

Amplification was performed in a 50p.l volume with 0.2pg 

cDNA, 5U Tag, 1x Tag buffer (Promega), 200mM dNTP's, 2mM 

MgCl2 , and 0.2pmol of each primer set A/D, B/D (primer B: 5- 

ggaataccctgcaggacttcgc) or C/D (primer 0: 5 '-caaagcctacagga 

aactcctgggcc). Primer hybridization sites are shown in Fig. 2.1. 

The reaction was carried out for 35 cycles at 94°C for 1 min, 

55°G for 1 min, and 72°C for 1.5 min. PGR reaction products 

were electrophoresed through a 3% agarose gel.
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D e te r m in a t io n  of  grf/pacap  mRNA l e n g t h  in e m b r y o s  a t  

1-5 d a y s  of  d e v e l o p m e n t

To determine the approximate mRNA lengths, a oDNA 

extension reaction was performed using poly A+ mRNA from 

embryos of 1-5 days of age. 10|ig 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 5jil Superscript buffer, 2.5mM dATP, dTTP, and 

dGTP, 1.25mM of each dCTP and [a-32p]dCTP, lOmM DTT, 5U RNA 

guard (Pharmacia), and 200 U RT Superscript (BRL) for a final 

volume of 25|il. The mixtures were incubated at 42°C for 1.5hr. 

The reverse transcription reaction was terminated at 90°C for 

lOmin. The mixtures were chilled on ice, treated with the 

addition of 10U RNase H (Sigma) and incubated at 37°C for 1 hr. 

The reactions were PEG (2.5M Nad, 5M PEG) 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, 

re hydrated in water and the resulting DNA solution was passed 

through NAP-5 columns (Pharmacia). The solution was 

isopropanol precipitated, washed with 75% ethanol, re hydrated 

with 10pL water and electrophoresed through a 6 % 

polyacrylamide gel under reducing conditions. Radioactive 

bands were visualized by autoradiography of dried gels using



85

Kodak Biomax film and intensifying screens during 2 days at 

-70°C.

I d e n t i f i c a t io n  o f  cDNA by  l ib ra ry  s c r e e n i n g

A total of 1 0 6  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 

PGR, 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 EcoRI cut 

pBluescript KS (Stratagene). Both strands of the four clones 

were sequenced.
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R e s u l t s

D e v e l o p m e n t a l  e x p r e s s i o n  o f  t h e  c h i c k e n  g r f / p a c a p  

g e n e

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 0  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 2 1 , 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).
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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 -2 1 ). Lane 2 2  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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s iq ru l cryptic I I

Primers A/D (exons 2 5)

1 2 3 4 5 - > •  21  22

Primers B/D (exons 3-5)

1 2 3 4 5 ------ 21 22

Primers C/D (exons 4-5)

1 2 3 4 5 ------ 21 22
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F igu re  3 .2 : Reverse transcriptase assay to demonstrate loose

transcription of the chicken grf/pacap gene. Day 1 to 5 

cDNA/mRNA 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 a-^^p labelled cDNA was electrophoresed through 

a 6 % polyacrylamide gel under reducing conditions.
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C o n f i r m a t io n  o f  i n t r o n - e x o n  b o u n d a r i e s  w i th  a  cDNA 

l i b r a r y

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 5 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.
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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 mRNAs shown below. The first mRNA was the most 

abundant and encodes GRF1.4 0 . The second mRNA has the splice 

site 9bp downstream from the first site and encodes GRF 1 -4 3 .
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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, I analysed the number and structure 

of transcripts for this gene in the developing chick embryo. I 

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, I 

determined that a full length cDNA containing exons 1-5 

encoding chicken grf/pacap 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. KrueckI, 

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 0  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 CAGATGJ 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 oDNA clones from a 13- 

day-embryo library and with 5' and S' RACE reactions. However, 

in sequences of cDNA library clones and PGR fragments, we 

observed that the intro n/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 

G R F 1.44  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 GRF1.43 and/or GRF1-46 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, I did not detect any clones that lacked exon four. 

Therefore, the chick embryo encodes only GRF1-43 and GRF1.46 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: MoRory 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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S u m m ary

In this chapter I 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 mRNA 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.
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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 anterior pituitary 

cells (Propato-Mussafiri at a i 1992). Also, PACAP stimulated 

GH and PRL release from GH3 tumour cells (Propato-Mussafiri at 

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 at al. 1990; Gottschall at a i 1990; 

Uddman at 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 at al. 1989; Moretti at a i 1990; 

Margioris at al. 1990; Bagnato at 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 at 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 

at al. 1992; Hosoya at al. 1992), whereas GRF is on a  separate 

gene (Mayo at al. 1985). However, in other vertebrates a  gene 

encoding only GRF has not been identified (Mayo at at. 1985). 

Rather, GRF along with PACAP appears to be encoded in one gene 

. at least in salmon (Parker at ai. 1993). Among nonmammalian 

vertebrates, peptide sequences have been determined only for 

frog PACAPi-38  (Chartrel at al. 1991) and for common carp 

{Cyprinus carpio) GRF (Vaughan at 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°0. 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 dTi2-i8 columns. Double stranded cDNA was synthesized 

using poly T(20) and reverse transcriptase, (Pharmacia) ligated 

to EcoR1/Not1 adaptors and Lambda Zap 11 vector arms 

(Stratagene). Gigapack gold (Stratagene) was used to package 

the lambda vectors with inserts.

Amplification of grf/pacap cDNA by PGR

DMA 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*-tcggtagcggctgtagc 

tatctg) was designed for amino acids 8-14 of the salmon PACAP 

peptide. First round amplification was done in a  SOjil volume 

(0.2pg cDNA, 5U Taq, 1x Taq buffer (Promega), 200pM dNTP's, 

2mM MgCl2, 20 pmol of primers Spl and NMS 3) with 35 cycles 

at 94°C for 1.5 min, 45°C for 2 min, 72°G 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



1 0 8

competent cells, and prepared for sequencing with an alkaline 

hydrolysis method (Birnboim, 1983).

Assay by tissue mRNA reverse transcription/PCR

Messenger RNA was isolated from the following tissues: 

brain, pituitary, testis, ovary, stomach, liver, pancreas, and 

muscle. Complementary DMA was synthesized from O.Sjig mRNA 

for each tissue using 200U avian reverse transcriptase (H" 

Superscript RT, BRL), lOmM dithiothreitol, ImM each dNTP,

160U RNA guard, 2mM Oligo dTi2-is, and IX H" RT buffer in a 

total reaction volume of 20|il. The reaction proceeded for 90 

min at 41 °G followed by 5 min at 90°C. DNA amplifications 

were done in a 50pl volume that contained O.Sjil cDNA, 1x TAQ 

buffer (BRL), 200pM dNTP's, 5U Taq, I.SmM MgClg, 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 901-925. The sequence for primer 3 was 

5'cctcgctctctgaccaaactg 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 PGR amplifications were done in a 

50{il reaction volume that contained 0.5|ig cDNA from each
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tissue, 5U Taq DNA polymerase, 1x Taq buffer (Promega), 200)iM 

each dNTP, 3mM MgCIa, 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.

S e q u e n c in g  of c lone in se r ts

Both strands of the plasmid were sequenced with [a-3S]dATP 

using the chain termination method (Sanger at al. 1977) and 

Sequenase 2.0 (US Biochemical Corp.). All sequencing gels were 

6 % polyacrylamide/7IVI urea wedge gels, dried under vacuum at 

80°C and exposed to Kodak XAR-5 film for 12-24h.

S c reen in g  of cDNA library

A total of 50 000 pfu from the catfish library (2 .3 x1 0 ^ 

pfu/pl) were screened using the 346bp PCR probe. Duplicate 

nylon membrane (Bio-Rad) lifts were prehybridized at 50°C in 

6 x SSC, 5x Denhardt's solution, 0.5% SDS and 30pg/ml blocking 

DNA for 4 h. The hybridization solution, consisting of 6 x SSC, 

0.5% SDS, and 30ug/ml blocking DNA was added to the [a- 

32p]dCTP (Dupont) labeled probe (2.4x10 ^ 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
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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, 2 0 mM MOPS, and 10.5ml 

formaldehyde was prepared. Thai and African catfish brain poly 

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

total RNA (20jig) and RNA markers. After the samples were 

electrophoresed in IX MOPS buffer (20mM MOPS, pH 7.0, 5mM 

NaC2 H3 0 2 , 2mM EDTA), the RNA was transferred to a nylon 

membrane, dried at 80°C for 2h, and prehybridized in 25mM 

KPO4 , 5x SSC, 1 0 X Denhardt's solution, 50% formamide and 

30)ig/ml blocking DNA at 40°G 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 [a-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 1 2 h 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 catfish 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 

2501 bp 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, P A C A P  and the 3' untranslated 

region. The 5'UTR, which is 321 bp long, contains (T)n, (C T )n ,  and 

(C A )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 PAC API-27 and the 

extended PACAPI-38. Cleavage at the first processing site 

(Gly-Arg-Arg) of the preproGRF/PACAP precursor, at amino 

acids 157-159, would result in a  PACAP-].2 7 NH2 form. Cleavage 

at residues 168-170 (Gly-Arg-Arg) would produce a complete 

PACAPi-38NH2 peptide.
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Figure 4.1: Comparison of clones 1.44 and 3.51 coding for 

grf/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 nucleotide 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 a re  

shown by box diagrams below the nucleotide sequence. The 

shaded boxes represent in order, from the left: 1) 5'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.



115

1
61

121
181
241
301

1
349
10

394
25
439
40
484
55
529
70

574
85
619
100
664
115
709
130
754
145
799
160
844
175
889
190
942

1002
1062
1122
1182
1242
1302
1362
1422
1482
1542
1602
1662
1722
1782
1842
1902
1962
2022
2082
2142
2202
2262
2322
2382
2442

gacgaatctcatcgacaafcttttttt.tttgttcgcagaaggctatta'tt'fc'tatttttttc 60 
atttgtttgtttttagaagcggcttattgtataaaagtcaaaggcggcttatcaggacga 120 
gcccatcaggaatatcggcggtggcgctcagagaagaggtgccgagagaaagattacctc 180 
grtctetctctt:t:ctctccctetctccttetctccctetgtutctctttcaeteacar.a1̂« 240 
oacaeatagar.ac.aeacaeacgctcagcagccgcacccgaagcccgtccgcagcctcgct 300 
ctctgaccaaactgccgtagc ATG GCC AAA TCT AGT AGA GCT ACT TTG 348

M A K S S R A T L  9
GCT CTG CTC ATC TAC GGG ATC TTA ATG CGC TAC AGC CAA TGC ACA 393
CCC ATC GGA ATG 
P I G M

T 
GTG 
V

GGC TTC CCC AAT ATG AGG CTA GAC AAC GAC 
G F P H M R L D N D  

TTC GGG GAC GAG GGA AAC TCG TTA AGT GAG CTG TCC TAC GAG CCG 
F 6 D E G N S L S E L S Y Z P  
GAC ACG ATG

M
AGC GCG CGC AGT CGT CCA GCC CTC CCT GAA GAC GCA

R E
TAC ACA CTG TAC TAT CCG CCC GAG AGA AGA GCC GAA ACG CAT GCA
Y T L Y Y P F E R R A E T H A
GAC GGA TTG TTA GAT AGA GCC TTG AGG GAC ATC CTG GIT CAG TTA
D 6 L L D R A L R D Z L V Q L
TCA GCC CGA AAA TAT CTG CAT TCT CTG ACG GCA GTT CGC GTA GOT
S A R K Y L H S  L T A V R V G
GAG GAA GAA GAG GAT GAA GAG GAC TCG GAG CCA CTG TCG AAG CGC
E E E E D E E D S E P L S K R
CAC TCG GAC GGC ATT TTC ACG GAC AGC TAC TCG CGC TAC CGG AAA
H S O G X F T D S Y S R Y R K
CAA ATG GCC GTA AAA AAA TAC CTT GCA GCA GIG CTG GGA AGA AGG
Q M A V K K Y L A A V L G R R
TAC AGA CAG AGG TIT AGA AAC AAA GGA CGG CGC TTG GTT GTA CCA
Y R Q R F R N K G R R L V V E
TCA GTT TGG ACG GGC ATT AGG GAC ACT CTC ATA ATC ACT CCG GAG
S V W T G I R D T V I I T P E
AAG AGA GGA AAA AGG TAT TAA ttggagttacccaggtcacgtctctgtgaagt
K R G K R Y *** 196
gcctgctgaagtgaacaagcagttgaatgaaacccatgtggatttgctcatttctgatgt
cctgagacaccaaattggtgcaaagattggtgaggttgtgcagaatctgtattcccagaa
tggatttcatctggcttggagcttgggtcatcgtgtcaagggacacctggcaagcatggt
tgagcctgcaactattaagttgcatcagctgctgctgcttactctgcctggaactcccat
cttaactatggagatgaaattggactaaaggatgaggattctgtgtatccagcgatgttg
gatttgtcaaatgagactgaaaaggctggtgtagaggacagaatctctacgcactttctt
caaggcatgtgagtgacctccgaggaaaagagcgatcccttcagcatggagattatgtgc
ctctgtacaacgacaccagagttcttgcatacttgcgctcatgggaccagagtgaacgct
acagagttgcattaaactggggtatagatcaagcaactctgccattgaccaacgaattgc
ttcctgaggaaagccaaggttgtagttagtactactgaaaaactgaaacctgatgagttt
gttaacttggccgaattaaggctggagtcacaacaggctgttctgcttaaattcccttat
gttgcgtaaatgggggctcttctgcatctcttttagacgaagatatacaagttgttgttg
ttgggtaatgttacatgttataaatattgttacagtcattgtgctgaatgggtagtaaaa
taaaaatacagtaattacagtatagagtatacaaactgtgcacaatcaaaggtcaggtcc
aattgttttattaagtccccccatatatattttttaaatccttatttaaaaaaacattcc
aggtttcagcctatttaaaatgttgtggttgcaatgcggttttgtgattgtgtaaaatgt
cagtttgatctgttgttggcaagagcgaattcgcggccgaaaaaaaaacaaaaacaaace
cttgacccttgctaattttccctgacttcgaaattttccctgacttgacttttacccatc
catgaaactgactgcagccctgggcccagaccctcctacaccttaaccccataacattca
gctcccccacccgtctctgcatgcgccactgaggccttgtgcgctgcttctatctccatt
cgagcttgtgcgctcttacaaatccctctgcgatgtcacagaagtagggcggaaccattt
ggtagccaagtcgaggaacttgagagcatgcggccgctttttgtgtgtgtgtgtgtgtgt
gtgtgtgtgtgtgtgtgtgtgtgttttccgtgtcgatccgaacaacctcatgaaaatttc
aggctaattctcaagattctgtcccttttccgaaacgccaaataaggtcgaggrtgtccgt
ttcggtcgtccctcgagaactggtgccaggcagctgctggcgtcggtagagacgcgaggg
tgtgtgtgttctgtctgcgttcaatggaaacggttctcttattcaatggtcttcgtttgg

24
438
39
483
54
528
69
573
84
618
99
663
114
708
129
753
144
798
159
843
174
888
189
941

1001
1061
1121
1181
1241
1301
1361
1421
1481
1541
1601
1661
1721
1781
1841
1901
1961
2021
2081
2141
2201
2261
2321
2381
2441
2501



1 1 6

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 lOOObp 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 ISOObp 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 An- 

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) T issue  

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 

(2501 bp 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 An- 

rich mRNA and Thai catfish 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 mRNA. The second band in each lane is approximately 

2500 bases followed by a single band of 1000 bases in the Thai 

catfish poly A-t- mRNA lane. The 18S ribosomal RNA migrated at 

2 0 0 0  bases and did not align with any of these other bands.



1 2 0

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 lOOObp.
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Discussion 

Catfish cDNA shows PACAP is highly conserved

I 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 PACAPi-38  is 

8 6 % 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 g rf 

coding region had a higher nucleotide substitution rate than the 

pacap gene and evidence in mammals supports this idea 

(Sherwood et al. 1994).

Catfish g r f / p a c a p  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
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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). It 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.
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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 GRF-j.2 9  is 

38% identical to human GRF1-29  and 56% identical to human 

PRPi-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-



125

Thr) is a  second possibility. If the threonine cleavage site is 

used, the catfish GRF-like peptide would have histidine at 

position 1. The Hisi 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 g r f / p a c a p  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 S' UTR of 

321 bp 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 , (C A )n , and (C T )n  

repeats: the latter repeat sequences have been shown to have a 

distinct role in chromatin structure and transcriptional 

activation (Lu et ai. 1993). The (C T )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 l-hypersensitive state. This nucleosome-free structure 

allows regulatory sequences and the promoter/transcriptional 

start site of the gene to be in an accessible conformation.
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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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THAI CATFISH 
SALMON 
CHICKEN 
HUMAN PACAP

m*t ala lys aar aar arg sis thr laa min laa laa ila tyr gly ila laa mat
—*~——— met lys l ie

ser gly asn val ty r  lys th r leu th r leu val ty r  leu l ie
thr mer cys gly atg val l ie

arg ty r aar gin cys th r pro ----- lie gly met gly phe pro man met mrg laa asp
his val tyr ser ser pro leu leu asn ty r leu glu
his cys ash val ty r cys ser pro arg trp th r pro val pro gly ala lys leu
his ser val ty r ser ser pro ala ala ala leu arg phe pro gly l ie  arg

man asp vml ---- phe gly ssp gla —— — gly man aar laa ser glu lau ser tyr glu
glu — ---- ty r asp pro ala ala phe asp

leu glu glu glu val ty r asp th r gin asp phe ala leu arg
pro glu glu glu ala tyr gly asp pro pro asp phe gly gly

pro map thr met ser min sxg arg pro min laa pro glu map mlm tyr thr lau
ser gin lie ala l ie pro ser val ala asp leu
ala gly ala pro gly gly gly gly pro arg pro arg trp gly arg cys th r ala leu
ser glu pro pro gly gly pro ala ser ala arg ala ala ala trp

ty r ty r pro pro glu arg srg ala glu th r him nln map gly leu laa map lya
lys gly th r arg ----- met phe asn

gly lys ———— -— ■---- l ie  phe ser
ala gly arg arg asp val his l ie asn glu

/^trotr T Txro

mlm leu arg asp lie lau val gin laa ser sis srg lys tyr lau his aar laa th r
tyr lys ala gly met
ty r lya lea gly man mat
tyr lys val asp his gin val

min val mrg vml gly — --------- glu glu glu glu asp glu glu map aar gla
lys — ----- gly gly ser th r met asp th r
lys — ----- ser gly leu gly ala glu pro leu
arg gly gly ser leu gly gly gly ala gly asp ala

pro laa lya mrg his aar map gly ila pba thr nap aar tyr aar mrg tyr mrg
l ie

PACAP-
ly« gin mat ml# vnl lym lya ty r  laa aim ml» vmX lau gly arg mrg ty r  mrg gin

lys
lys lys
lys lys

mrg phe mrg man lym gly mrg mrg laa val val pro ser val trp  gly l ie  arg asp 
ty r gly ty r leu
val lys val ala ty r leu
val lys l ie  ala ty r leu *•*

trp  val lie  trp  pro glu lys arg gly lys arg ty r  ***
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As with other known grf/pacap cDNA sequences, translation 

is believed to be Initiated at the first ATG. If 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/gGGAUGG) 

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.
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Tetraploid catfish express two different g r f / p a c a p  

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 2501 bp (Figure 4.1). The 6000bp clone contained coding 

regions not only for a grf/pacap protein (lOOObp), 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 lOOObp 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 1 0 0 0  base band in the northern 

analysis even though a clone for only lOOObp 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 PACAP1 .3 8  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 

PACAPi-2 7 NH2 (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 PACAP1.27 of unknown significance, whereas 

the other gene produces conventional PACAP1.27 and PACAPi. 

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, I 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.27 and PACAPi.2 7 : the 

tunicate GRF-like peptide has 59% identity with human GRF. The 

deduced amino acids of tunicate PACAPi-27  have 96% identity 

with the ovine, human and salmon PAC A P i .27 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 (VlP)-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.
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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 fore brain 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 Horrldge 1965; Ruppert EE 1990; Gorbman A 1995; 

Mackle 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 a/. 1982), and neurotensln-llke 

peptides (Fritsch et al. 1982). Also, glucagon (Pestarino 1990) 

and aMSH (Pestarino and FacchinettI 1995) Im mu no reactivity 

have been detected within the protochordate Ciona intestinalis. 

In the tunicate Ciona intestinalis, cross-reactlvlty Is detected 

In the nervous system and alimentary tract with antiserum 

raised against mammalian Insulin (O'Neil et ai. 1986; Ebberink 

et ai. 1989; Galloway and Cutfleld 1988), neuropeptide Y 

(Pestarino 1992; Fritsch et ai. 1982), PHI (Pestarino 1993), VIP, 

secretin and pancreatic polypeptide (Fritsch et ai. 1982). 

Evidence relating to Immunocytochemlcal 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 (Thompson et al. 1972), secretin (Carlquist et al.

1985), VIP (Itoh 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
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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, I used molecular techniques to determine PACAP's 

nucleotide sequence and tissue expression within the 

protochordate Cheiyosoma productum. This chapter reports the 

structure of two protochordate genes and cDNAs in which gene 1 

encodes a GRFi-27-like peptide and PACAP 1.27 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 {Cheiyosoma 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 

(Chomczynski 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 PGR

DNA was amplified using a cDNA library lysate and the 

degenerate primers PA-1 (S'-cattcggatgggatcttcacggatag) and 

3'-PA (S'-catgtttggacagaacacaacgtgagcg). First round 

amplification was done in a SOjil volume reaction that 

contained 0.2|ig cDNA, 5U Taq, 1x Taq buffer (Pharmacia),

200mM dNTP's, 2mM MgCl2 , 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. PGR 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 (MRP) 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 [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/7Ivl urea wedge gels, dried under vacuum at 80“C 

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

Tissue assay by reverse transcrlptlon/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 O.Spg mRNA 

for each tissue using 200U avian reverse transcriptase (H- 

Superscript reverse transcriptase, BRL), lOmM dithiothreitol, 

ImM each dNTP, 160U RNA guard, 2mM oligo dTao. and IX H" RT 

buffer to a  total reaction volume of 2 0 pl. The reaction 

proceeded for 90 min at 41 °C followed by 5 min at 90°C. DNA 

amplifications were done in a 50|il volume that contained O.Spg 

cDNA, 1 x Taq buffer (Pharmacia), 2 0 0 |xM dNTP's, I.SmM MgCIa 

and 20pmol of each primer. The pacap-specific primers were 

Tun 3, (5’-tacactgg attgtcttggccgcc) and Tun 4 (5’-cgctcag 

catgagttctgtc) and the wp-specific primers were Tun 5 (5'- 

gacggtaacgattcttatgc) 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
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frozen rapidly In a  dry ice/ethanol bath and 5U Taq DNA 

polymerase (Promega) was added. The tubes were replaced in 

the preheated 95° thermal cycler where 40 cycles at 9S“C for 1 

min, 55°C for 2 min, and 74°C for 1.5 min were completed. 

Tubulin PCR amplifications were in a  50pl reaction that 

■contained 0.5|xl cDNA from each tissue, 5U Taq DNA polymerase, 

1x Taq buffer (Pharmacia), 200|j.M each dNTP, 3mM MgCIa, 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 oDNA library

A total of 5x1 Q4 pfu from the tunicate library was screened. 

Duplicate nylon membrane (Bio-Rad) lifts were prehybridized at 

50°C in 6 x SSC, 5x Denhardt's solution and 0.5% SDS for 4 h. The 

hybridization solution consisted of 6 x 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 [a-32p]dCTP (7.8x1 o6  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:lsoamyl alcohol (24:24:1) washes, and 

dialysis against 0.01 M TrIs-HCI/EDTA (TE). Primers to the 5' 

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 SOjil volume (I.Ojil DNA, 5U Taq, 1x Taq buffer (Pharmacia), 

200pM 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 (MRP) 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 (lOug) was prepared from rat {Rattus 

norviegus), starling {Sturnus vulgarus), chicken {Gallus 

domesticus), alligator {Alligator mississippiensis), salmon 

{Oncorhynchus nerka), catfish {Clarias macrocephalus), reedflsh 

{Calamoichthys calabaricus), tunicate {Cheiyosoma productum), 

urchin {Strongylocentrotus purpuratus), Drosophila {Drosophila 

melanogaster), yeast {Saccharomyces cerevisiae), and bacteria



147

{Escherichia coli). DNA for the zoo blot and Southern blot 

(tunicate DNA only) were digested to completion with Eco RI 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 

NaHP0 4 , 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 NaHP0 4 , 1mM EDTA 

and then washed for 45min at 45°C with fresh solution. The 

wash solution was then changed to 1 % SDS, 40mM NaHP0 4 , ImM 

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  

gl u ca g o n /v i p  mRNA

Localization of the tunicate grf/pacap or glucagon/vip 

mRNA in sections from the neural ganglion of Cheyiosoma 

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 (10|j.m ) 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 a s  to the manufacturer's instructions.
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Results

isolation of the tunicate g r f / p a c a p  and g l u c a g o n / v i p  

mRNAs

I have isolated a cDNA that encodes for PACAPi-27 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 S' adjacent peptide in 

preproPACAP in birds and fish, the peptide in the sam e 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 PAGAP and 57bp of the 

3'untranslated region. This clone was used to screen a  tunicate 

cDNA library. After screening 5x10^ pfu from the library, I 

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 GRFi- 

27/PACAP1.27 (Figure 5.1 A) 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 

5.1 B). Therefore, tunicates contain two different mRNAs: one 

encodes tunicate PACAPi.27 named because of the 96% identity 

to the mammalian PACAPi.27 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 p e p t id e i .2 7  and PACAPi.27: 

no other proteins are encoded. The tunicate cDNA does not 

encode the longer version of PACAP 1.3g 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 cDNA 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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wmmm B

tttgacgatcgttttacggcgcggcggagcacgcgcgcgcgcgcgcgggagctaggg^^^tttacackggatgtcttggcc 8 0 
g c c  AIG GCC AAG TCA. ACT 6G 6 GCG ACC CTC GCC CXC CTA A X I lA C  GGA AXC A T I ATG AGA 14 0  

M A K S S G A T L A L L Z Y G I Z K R  19 
TAC TCC CAC I CC GAT GGG ATA TTC ACA AAA GAT TAT CGG AAG TAC CTC GGG CAA CTC CGA 200  
T S H S D G I F T K O Y R K Y L G Q L R  39 
GCT CAA AAA TTC CTG CAA TGG CTT ATG AAG CGC CAC TCG GAT GGG ATC TTC ACG GAC AGC 260  
A Q K F L Q W L M K R B S D G I F T D S  59 
TAT AGC CGC TAC CGG AAT CAA ATG GCT GTT AAG AAA TAC CTG GCG GCA GTG CTT GGG AAA 320 
Y S R Ï R N Q M A V K K Ï L A A V L G K  79 
AGG TAT AAA CAA AGG TAA a g a a a e a a t g g a c g c a a t t t t a c c a a t a t a e a t g t t a c g a c a g a a c t c a t g e t g a g  394
R Ï  K Q R  •  --------------------------------  85
c g a a & b t t t a a c g e a c c a c G g a c t a g g c t a t e t g t t a a t a a a g t & t t t a c & t t t a a g c a t t a t c a t t t & c g t t & a a a a c a  474  
y t t a t a t a t t t t a a a a a a a a a a a a a a a a a a a a a  507

B
c - ^ C/Z/Z/yj ........ - ^ D

a a g t i c a a g t g g g g c g a c c c t c g c c c t c c t a a t t t a c g g a a t c a t t a t g a g a t a c f c c c c t t a t t f c c g a t c g a c g t f c t g c g a  8 0 
t a e c t t g a c a a c g c t g t t t a t g a c g g t a a e g a t t c t t a ^ e t a a t t a c n a e a a a a e t t c r a c t t t t c r t g a a g a a e a t c a a a  160

a t c g a a t a a c a a t t c c c c a t  ATG CTC GCT ACG ACG GGG ACT ACT TTA GCA CTT CTT CCC GGC GTT 2 2 5
M L A T T G S T L A L I, P G V 15

GTG TCA AAT ACA AGA ATC TCG ATC GAC GTT TGC GAT ACC TGG ACA ACG CTT CTT ATG CTA 2 8 5
V S N T R I S I D V C D T M T T L L M L 35
ATT ACC ACA AAA CTT GGC TTT GTT GAA GGA CAT CAA AAT ACG ATA ACA ATT CCC CAT ATG 3 4 5
I T T K L G F V E G a Q R T I T I p B M 55
AGG CGC ACG ACG GGG GCA ACT TTA TAC TAC CCC CCC GGC GAT GTG TAC AAT AAC AGA CAC 4 0 5
R R T T G A T L Y y F P G 0 V Y R K R B 75
TCC GAT GGG ATA TTC ACA A GI GAT XAT CGG AGG TAC CTC GGG CAA CTG ACT GCT CAA AAA 46 5
S D G I F I 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 TTC ACG GAC AGC TAT AGC CGC 5 2 5
F L Q H L H K R B S D G I F T D S Y S R l i s
TAC CGG AAT CAA ATG GCT GTT AAG AAA TAC ATA AAC GCA CTG CTT GGG AAA AGG TAT AAA 5 8 5
Y R N Q M A V K K Y I H A L L G K R Y K 1 3 5
CAA
Q

AGG
R

TAA a g a a a c a a t g g a c g c a a t t t t a c e a a a g g c t t a c a t a t a a a a t t t t a a c g c a e c a e c g y t a g g g t a t 66 2
1 3 8

ctgtitaggcgggagagataaagtatttacctcgaeatttaattcatctatctacatgtaacgagagancacttcatgage
gegttataategttacgtggaaataeattataaacaattacggcgcttataiiar.aggggcttgceggagcccccgtatta
ttatttataaaatttcggatataaaagtgtttacgttnaaaacagttatatattttaaaaa

7 4 2
8 2 2
8 8 3
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The tunicate glucagon/vip mRNA isolated was 883bp encoding a 

signal peptide, cryptic peptide, glucagon-likei.2 7  peptide, and 

VIP-likei .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 5’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 PACAPi. 27  and ViPi.2 7- 

like proteins are 93% identical, that is only 6 bases are 

different. Identity 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 g r f / p a c a p  and g l u c a g o n / v i p  

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 PACAPi.27 . 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
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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 ICA AGI GGG GC6 ACC CTC GCC CIC CIA All lAC 64
M A K S S G A I L A L L Z 7  14

GGA AIC All ATG AGA lAC TC gtggcaaaaacgctttatatatttcgcgcgatcgtacgtacgtacatcgcgta 137 
G I I K R Y S  21
c c c g g g g c a tc g a c c g C ttc a a c c a c g t t ta c ta c ta t tc t t ta t t tc g c ta t t t tc g g g c ta t t tc g g c t t tg c g a t t t  217 
a ta c ta tc ta c ta t t ta c C a C tc g g tt tc c g g g ta ta c a c tt tc ta t tc g g ttg g c c c c c tt ta c a tc tc t ta c L à a c tC  297 
a tc tc Q a tc a a c a c tta c o a C a c c tto a e a a c a c to ttta to a e a o ta a c c a ttc tta ta e ta a tta c c a c a a a a c ttoo  377 
cttttqacoQ acatgaaaatcoaataacaattccccatatoaogC Q qaccracqqoa<7acacttta taetacccccccQOC 4 57 
g tC a g tc tC g g g ta ta c c ta tc a c tc a c ttc c g g tc tc tc tc ta tc a c a a ca c g g g g c tta tta c a c c cg g c C ttg c a c t 537 
c g cg cg ca tg cC C cg accg g cg accg tcacC g a ttg ac tg a tcg a tcaa tttg g a tcg acg tg C a ttttttc tccaac tt 617 
;:cc .ac .ataatataacggcacccgcc.gaccgctcatgcgacgcggcgatctacaaccccccaaaattcgggcgcatcttta  697 
cacacacgggaaacgaC ,cgggcgcgcgcgggcgggaccCaCactaccctaccgaaaccaaatgcccttaccaacgactta 777 
cccca !:tcg q g a tcg aacccC tccc tac tcccccc tc tccc tc tcg cg cg cg a tcg a tta taaaaaacg aa tcg a tg c ta  857 
cc tL tacg a tccg a tacc tL tcccg accg accg g g g g aaacg accg a tcg g a ta ttg g g c ta ttacg a tcg tacg a tg c t 937 
accacggcacatC atcaC cacacgggC tcctaactaccgcatcgcgaC ggtC gtgggctatttggggtatctC aattaC a 1017

cgcaccgcgacgcatctttcgccag C CAC ICC GAI GGG AIA IIC ACA AAA GAI lAI CGG AAG lAC 1082
H S D G I F I K D Y R K Y  34

CTC GGG CAA CTG CGA CCI CAA AAA IIC CTG CAA IGG CII AI gtaatttaccacttcgcggcgcgac 1148 
L G Q L R A Q K F L Q W L M  48
tta ta tcg g c ta tcg caccc .acccag cg cg c tacg a tta ta ta tacaaaaacg g g g cc tttcg g cg cg cg g c tc ta tcg c  1228 
w c c tc c c c g tg a ta tg c g g a c ttc c c g g c ta a a c tt ta t ta t tc g g g c tg a tg c g c g c ta t ta c a t ta ta t t t tc g a tc g  1308 
g g cg a tttaaaacac tttcg ttcc tcccta tcg C acg C cg taC tcg g g ag ca tcg ctta tcg tcg g g g cg cg cg caaa ta  1388

ccgttgggctttaatggcCtatCtcctCag G AAG CGC CAC ICG GAI GGG AIC TIC ACG GAC AGC TAT 1455
K R H S O G I F I D S Y  60

AGC CGC lAC CGG AAI CAA AIG GCI GIT AAG AAA lAC CIG GCG GOA GIG CII GGG AAA AGG 1515
S R Y R N Q M A V K K Y L A A V L G K R  80
TAI AAA CAA AGG lAA AGAAACAATCGACGCAATTTTACCAATATAAAATTTTAACGCACCACCGACTAGGCTATC 1590 
Y K Q R * 85
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TABLE 5.1: Percent identity of the four tunicate peptides in

comparison to the human members of the glucagon superfamily.

TUNICATE
P A C A P  G R F -like_______VIP a iu caao n

HUMAN
PACAP 9 6 4 8 8 5 4 8
VIP 6 7 3 7 6 7 3 7
PHM 7 0 3 3 7 4 3 7
GRF 3 3 5 9 3 7 5 9
g lu c a g o n 3 0 6 3 3 0 5 9
s e c r e t i n 3 7 4 1 4 1 4 4
GIF 2 2 2 6 2 2 3 0
PRP 2 2 4 4 2 6 4 8
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Structure a s  found in the genes encoding mammalian glucagon, 

GIF, secretin and GRF in that a  cryptic peptide exon is not S' 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 segm ent (Figure 

5.3). In addition, a partial tunicate glucagon/vip gene of 

1435bp was isolated and as deduced from its oDNA 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 mRNA, 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



158

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 g r f / p a c a p  and 
g lu ca gon /v ip  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 5.1 A and B) were designed for the 5' 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.
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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.



GACGGTAACGATT CTTATGCTAATTACCACAAAACTTGGcmTGTGAAGGACATCAAAATCGAAXAACAATTCCCCAT 7 9

AIG
M

CTC GCI ACG ACG GGG AGI ACT HA 6CA CXI CTI CCC GGC GH GIG ICA AAI ACA AGA 139 
L A I I G S I I i A Z . I i S a V V S I I I A  20

AX gcggcaaaagcgcccacacaccCcgcgcgcgaCcgcracgtacgCacaccgcgcacccgggcaccgcacgcCCCcaa 21B 
I  21

at:acctccaccaccaccccc.cacccgccaccagcgggccaccccggcctccgcgacctacaccacccaccacttactacc 298

cggccccggcacacacacacacacggccggcccccccacacaccccacaccaaccag C ICG AIC GAC GH IGC 371
S I  D V C 26

160

GAT ACC TGG ACA ACG CH CH 
D T W I  T L L

ATG
M

CTA AH ACC ACA AAA CH GGC H I  GH GAA GGA CAT 
L I I T K I . G F V E G H

CAA AAI ACG AIA ACA AIT CCC CAT 
Q N T  I T I P H

ATG
M

AGG CGG ACG ACG GGG GCA ACT ITA TGG TAC GIC 
R R T I G A T L W Y V

431
46

491
66

CCC GGC GAI GIG lAC AAI AAG AG gCCagtcttggtaCaCaCatcaccatgcgtaCaCCttCttCagcaCgcg 563 
P G D V Y N K R  74

ggcgacgctgcgaaaacggcggcatgggaaaaaaaaagggtggggggagagagagggggggggagagagagagggggggt 643

catacgagctagcccctcgccag A CAC ICC GAI GGG AIA HC ACA AGI GAI lAX CGG AGG TAC
H S D G  I F I S D I R R I

706
87

CTC GGG CAA CTG AGI GCI CAA AAA HC CIG CAA TGG CH AX gtaaccccaccatcccgcggcgcga 772 
L G Q  l . S A a K F L Q < r i . K  101

cccacaccgggcagcgcgcccacggggagcgcgcccagatcacacatacaaaaacggggtccccgcccggcgcggaccca 852

tcgcccctccccgcgacacgcggacttcccggttaaatctcaccattcgggccgggatgccttattctaaaaacatatac 932

acaaaaacacacaacacacgcgggcccag G AAG CGC CAC ICG GAI GGG AIC TIC ACG GAC AGC TAI 998
K R H S D G I F I D S Y  113

AGC CGC TAC CGG AAI CAA ATG GCI GH AAG AAA TAC ATA AAC GCA CIG CH GGG AAA ACG 1058 
S R Y R N Q M A V K K I Z N A L L G K R  133

TAI AAA CAA AGG lAA AGAAACAATGGACGCAATTTTACCAAAGGCTT 
Y K Q R *

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 0), gonad/digestive gland (lane D), 

intestine (lane E), heart (lane F), tunic (lane G), branchial basket 

(lane H), tunicate ILP cDNA clone (lane I), negative control (lane 

J), and grf/pacap cDNA clone (positive control; lane K). (B) 

Tunicate vIp/glucagon-Wke 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 I), negative control (lane J), and 

glucagon/vip cDNA clone (positive control; lane K).



A)

B)

A B C D E F G H I J K

1 6 2
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grf/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 g l u c a g o n / v i p  

mRNA with in si tu  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 (11p.M) 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 a t 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 glucagon/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 g r f / p a c a p  gene

A zoo blot containing genomic DNA from rat, starling, 

chicken, alligator, salmon, catfish, reedflsh, tunicate, urchin. 

Drosophila, yeast, and E. coll 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, y eas t ,  

and E. coll. 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 EcoRI 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-spec\f\c probe (bases 387-531) that 

hybridized only to grf/pacap genomic sequences. Specific 

hybridization to the tunicate glucagon/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 Rl.
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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 0), chicken (lane D), salmon 

(lane E), catfish (lane F), tunicate (lane G), reedflsh (lane H), 

tunicate (lane I), urchin (lane J), Drosophila (lane K), yeast (lane 

L), and E. coll (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), Wp-specific probe (lane 0) 

and a glucagon/vip probe (lane D). The tunicate digested with 

Eco Rl 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-27-like 

peptide and PACAP1.2 7 . 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/pacap 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 (Greyer et al. 1996), the function of the
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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 intro n/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 intro n/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.
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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 1 .27  are 

very conserved, 90% (73/81), in comparison to human PACAP 1 .2 7  

(Figure 5.10). In addition, the deduced amino acids for tunicate 

PACAPi-27 are 96% identical to the human, sheep, rat, frog, 

catfish and salmon PACAP1.27 forms. Chicken PACAP1-27 has 

two amino acid substitutions in cPACAP1-27 compared to 

tunicate PACAP1 .2 7 : 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 5' and 

3' UTRs as shown by the conservation of the restriction enzyme 

sites (Eco Rl) 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 850 million 

years of evolution was unexpected. Using the tunicate pacap 

PCR fragment as a probe, I 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 PACAP1.27 . 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 DMA 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 DMA (lane I) also had two bands It would be expected that 

sea  urchins would have a grf/pacap -like and a  glucagon/vip- 

llke gene similar to the tunicate. Echlnoderms branched from a 

stem line that led to vertebrate evolution about 100 million 

years before tunlcates. It is possible that a sea  urchin 

grf/pacap and glucagon/vip genes have a higher degree of 

sequence Identity than found In tunlcates 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 bio active 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.
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Figure 5.11: Comparison of PACAP proteins from different

species. PACAP1.27 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 DMA 

was known. In 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



186

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 g r f / p a c a p  and g l u c a g o n / v i p  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 1-27 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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tPACAP H S D G I F T D S Y S R Y R N Q M A V K K Y L A A V L
tVIP H S D G I F T D S Y S R Y R N Q M A V K K Y I N A L L

tGRF H S D G I F T K D Y R K Y L G Q L R A Q K F L Q W L M
tglucagon H S D G I F T S D Y R R Y L G Q L S A Q K F L Q W L M

tVIP H S D G I F T D S Y S R Y R N Q M A V K K Y I N A L L
tglucagon H S D G I F T S D Y R R Y L G Q L S A Q K F L Q W L M

tGBF H S D G I F T K D Y R K Y L G Q L R A Q K F L Q W L M
tPACAP H S D G I F T D S Y S R Y R N Q M A V K K Y L A A V L

44%

GRF P A C A P

I 89% I 89%

V I Pglucagon

48%
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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-1 (IGF-I)

A version of this chapter has been published: McRory JM, 

Shenvood NM 1994 Catfish express two forms of insulin-like 

growth factor-! (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 I 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-I is expressed 

not only in the liver, but also in brain and other tissues. This 

ubiquitous IGF-I has a complex pattern of expression due to 

multiple transcription start sites, polyadenylation sites and 

exon skipping. In this chapter I describe the isolation of a cDNA 

encoding a brain-specific IGF-I from a catfish brain cDNA 

library. Also, a fragment encoding ubiquitous IGF-I was 

amplified from brain and liver mRNA and the deduced protein 

was shown to be distinct (66% sequence identity) from brain- 

specific IGF-I. Consistent with other IGF-I prepropeptides, the 

brain-specific IGF-I has a  43 residue signal peptide followed by 

B, 0, A, D, and E domains. Retained in the catfish brain-specific 

IGF-I 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/ 

PGR assay also showed that brain-specific IGF-I 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 I (IGF-I) is important for proper 

animal growth, tissue development, and differentiation 

(Daughaday and Rotwein 1989; Froesch et a i 1985). IGF-I 

belongs to a  family which includes insulin, IGF-II, relaxin, 

molluscan insulin-related hormone, and insect 

prothoracicotropic hormone. The release of IGF-I from the liver 

is under the control of pituitary growth hormone (GH), as 

evidenced by increased numbers of igf-l 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-I cDNA sequence has been reported from a variety of

animals including the human (Jansen et at. 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 (Gao 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-I 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-I 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-I expression 

that is limited to the liver (Nagamatsu et al. 1991).

In addition to the role of IGF-I in the linear 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 (Sara et ai. 

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-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 intact IGF-I peptide, is a  product of post-translational 

processing and functions within the CNS (Sara et al. 1986). 

Compared to the complete molecule, the truncated IGF-I 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 a s  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-I 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 

II, and Gigapack Gold packaging mix (Stratagene). A brain 

specific IGF-I clone was isolated using low density phage 

plating, high stringency washes (0.1 X 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 III digestion of positive clones

IGF-I cDNA, in pBluescript KS- (5p.g), was purified and 

hydrated in 50p.l sterlle-filtered water. Digestion with S a d  

and Xbal (Pharmacia) were used to linearize the clone. The DNA 

was precipitated, washed with 75% ethanol and hydrated In 

40|il of Exonuclease III buffer; Exonuclease III (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 7.5\i\ of 81 nuclease mix and 60U 81 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
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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 I 

and Xho I (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-35s]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 

(1 |ig), liver (1 |ig), liver (1 0 |ig), stomach (Ipg), pancreas (Ipg), 

pituitary (Ipg), ovary (1|ig), blood (1pg), brain poly A- mRNA 

(lOjig) and herring poly A+ mRNA (Ipg) were electrophoresed in 

a gel of 1 .2 % agarose, 3% formaldehyde, and IX MOPS (3[N- 

morpholino] propanesulfonic acid). The gel was blotted onto a 

nylon membrane (Amersham) and hybridized in a solution of 

25mM KPO4 , 5XSSC, 10X Denhardt's solution, 50% formamide and
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30 mg/m I sonicated sea  urchin DNA. The probe was an IGF-I [a- 

32p]ATP randomly-primed cDNA fragment that corresponded to 

nucleotides 339-762. The filter was washed under high 

stringency conditions (0.1 X SSC, 0.1% SDS, 65®C) and exposed to 

X-ray film (Kodak) with intensifying screens a t -80"C for 7 

days. The quality of mRNA was assessed for each tissue by 

probing with a  randomly-primed salmon tubulin cDNA fragment 

a s  defined below. The membrane was washed under high 

stringency conditions (0.1 X SSC, 0.1% SDS, 60"C) and exposed to 

X-ray film with intensifying screens for 1 h.

Reverse transcriptase/PCR assay for brain-specific 

IGF-I expression

Complementary DNA was synthesized from Ijig of mRNA 

using 200U avian reverse transcriptase (H- RT Superscript, 

BRL), lOmM dithiothreitol, ImM each dNTP, 160U RNA guard, 

2mM Oligo dT i2-18 , and IX H' RT buffer for a  total reaction 

volume of 20fil. The reaction proceeded for 90min at 41 °C 

followed by 5min at 90”C. IGF-I and tubulin PCR amplifications 

were done separately with O.SpI of newly transcribed cDNA 

from each tissue, 5U Taq DNA polymerase, 1x Taq buffer 

(Promega), 0.2mM each dNTP, 0.4mM of each primer (1-4), and 

3mM MgCI in a  50pl 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-I 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 oDNA clone (Coe et at. 1992).

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

Polymerase chain reactions included 1.0)ig of brain and liver 

transcribed cDNA, 5U Taq 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 50|il 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-I (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).
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Figure 6.1: Schematic map of the catfish brain-specific ig f-l

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 ig f-l 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-I, 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-I 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-I. 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 68% 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 cDNA. 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+ mRNA. 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-I 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.b).
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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-I mRNA is shown by the arrow on the left.
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Figure 6.4: (A) Brain specific igf-l 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-I clone (lane 9), and brain specific IGF-I 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.



215

1 2 3 4 5 6 7 8 9  10

1 2 3 4 5 6 7 8 9  10



216

Discussion 

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

In this paper we report the structure and tissue expression 

of a  brain-specific IGF-I 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-I. 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  g rf  

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-I 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 bio activity (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-1 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 a i 1991; Chan et a i 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-I 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- 

I 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-II molecule because its amino acid identity with trout 

IGF-II is only 44%. Other amino acid changes in brain-specific 

IGF-I may be required for binding to a neuron-specific IGF-I
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Figure 6.5: Alignment of the catfish brain-specific preprolGF-

I with several other ubiquitous IGF-I prepropeptides. IGF amino 

acids of catfish brain-specific IGF-I are aligned with salmon 

(s), catfish (cf), human (h), rat (r) IGF-I, trout IGF-I and IGF-II, 

and hagfish and amphioxus IGF prepropeptides. The catfish liver 

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

IGF-I 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-I 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- 

I 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-I D 

domain has little or no identity to other forms. However, the 

171 bp E domain has 53%, 70%, and 40% identity to the salmon, 

trout (IGF-I) 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-I that is identical with 
liver IGF-I

To ensure the brain specific IGF-I 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-I is present in 

catfish liver and brain. Two primers, corresponding to salmon 

IGF-I (Wallis and Devlin 1993), amplified an IGF-I 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-I in the brain: one form is brain- 

specific and the other form is identical to liver IGF-I. 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-I, rather than a  distinct brain 

IGF-I, was expressed within the brain. The function of brain



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-I peptide, to the 

nervous system. The presence of both a brain specific IGF-I and 

a ubiquitous (liver) form of IGF-I in the brain emphasizes the 

importance of these growth factors for the nervous system.
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Figure 6.6: Nucleotide alignment of the ubiquitous IGF-I found

in catfish liver and brain with the salmon IGF-I. Identity of 

nucleotides between the catfish and salmon forms of IGF-I is 

indicated by a * under the sequences.
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Catfish liver/brain X6F-1 ggcccggagaccctgtgftggggcggagctggtggacacgctgcagtttgftgftgtggagaga 
Salmon liver iGF-1 gggcccgagaccctgtgtggggcggagctggtggacacgctgcagtttgtgtgtggagaga

C-Doma1n

gaagggttcatttcagtaaaccaacgggc tatgggccaagttcacgacgttcacacaaccgt 
gaggatttt atttcagt aaacoaacgggo tatggccccagttcacgacggtcacataaccgt
** ** ******************** ***** ** *********** ***** ******

_  A-Doma1n
   ►-

gggatagtggatgagtgctgctttcagagttgtgaactaaggcgtctcgaaatgtattgtgcg
ggtattgtggacgagtgctgcttccagagttgcgagctgaggcggctcgaaatgtactgtgcc

D-Doma1n _  E-DomaIn

cctgtcaaatctgggaaagcagct agatctgtgcgggcacaacgccatacaga.... 
cctgtcaagtctggcaaggcagct cgctctgtgcgcgcacagcgccacacaga.... 
* * * * * * * *  * * * * *  * *  * * * * * *  * * * * * * * *  * * * * *  * * * * *  * * * * *
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CHAPTER 7

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

In this chapter I 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 I 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 ig f 

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.
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Introduction

The insulin superfamily is comprised of insulin, insulin-like 

growth factors-! and -II (IGF-I and -II), 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 sam e species, 

several different forms of insulin and IGF-I have been identified 

(Chan at ai. 1979; Shamblot and Chen, 1992; Ad ham at ai. 1993; 

McRory and Sherwood, 1994; Perfetti at al. 1994; Kavson at ai. 

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 at 

al. 1984; Ebberink at al. 1989; Chan at 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 Al, B1, and IV, molluscan insulin- 

related peptide-l and -II (MIP-I and -II) 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 at 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. 1988; 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 im mu no reactive 

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

DMA was amplified by PCR using an aliquot from the cDNA 

library lysate and primers corresponding to conserved amino 

acid sequences in salmon IGF-I. Primer A (5'- 

ggccccgagaccctgtgtg gg-3') corresponded to the nucleotides 

encoding the first seven amino acids of the B domain and primer 

B (5'cacaagtacattcgagccgc-3') to the nucleotides encoding the 

last 7 residues of the A chain. Amplification was done in a 

SOjil volume (0.2|ig 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
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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 (MRP) 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 O.Sjig poly A+ mRNA for each tissue 

using 200U avian reverse transcriptase (H‘ Superscript, BRL), 

lOmM dithiothreitol, lOmM each dNTP, 160Ü RNA guard, 2mM 

Oligo dTgo, and IX H- RT buffer in a total reaction volume of 

20p.l. 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 (S'*
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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  SOpI volume that contained O.SpI 

cDNA/RNA mixture diluted 1:5, 1x Taq buffer (Pharmacia), 

200pM 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°G 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°G for 1 min, 56°G for 2 min, and 74°G 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°G in 6x SSG, 5x Denhardt's 

solution, 0.5% SDS for 4 h. The hybridization solution, 

consisting of 6x SSG and 0.5% SDS, was added to the [a- 

32p]dGTP (Dupont) labelled probe, and incubated at 50°G 

overnight. The probe was a  165bp fragment obtained from the 

PGR reaction above. The membranes were washed under high 

stringency (0.1xSSG/0.1%SDS) for 50 min at 65°G, then exposed 

to Kodak XAR-5 film for 5 days at -80°G. Isolated single 

positive clones had inserts rescued with in vitro excision.
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Detection of in su lin  mRNA using in s itu  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 10p.m 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-Wke and /gf-llke 

cDNAs, the PCR method was used with primers corresponding to 

salmon IGF-I 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 7.1 A). 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
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Figure 7.1 : Nucleotide and deduced amino acid sequence of (A) 

a tunicate 495bp insulin cDNA and (B) a tunicate 671 bp ig f 

cDNA clone. The primers used for the expression study are 

underlined or overlined. Coding regions are indicated by the B,

0, 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 0  

domains are  indicated by lysine and arginine. The cysteine 

residues are  illustrated above each clone with 0 , and the clone- 

specific primers (1-4) are shown.
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1  t t t c c t o a c c c c g t a c c t t a c t c g a g t : a u 9a g a c t a c t a t a g c a t c g g g c  AXC M X  TCC XCC ACC XAC ACC 72
X

73 6TG CTG CTC AAT AAC GAC GTG ATG GCC AAC GAG CAC AAC
M H 8 8 8 Y 8
GAG TAG CTG TGC CGG TCC CAC

7
132

8 V V L U K E V M A K E Q K E T £  C 6  8  H 27
133 CTG GCC GAC CTG CTT TCC TTC CTC TCC CGG AAC AGA GGT TAT TTC TTT GAG CCC CGG ACC 192

28 L A 0 V L S P V C G K R C Y r  P E P R  T 47
193 AGG CGC TCC GTG GAC GAC AGA GCA GTG GAC TTT ATC TCG CAA CAA CAG GCG AAA GAC TAT 252

48 R R S V D D R A V D F I S S Q Q A K D Y 67
253 ATG CGC GCC ATG CGC CAC ATG CGG AAG CGC CGG GGT ATT GTG GAG CAG TGC TGC TAT CGG 312

68 M G A M P B I R K R R G X V E Q C C Y R 87
313 GTS TGC ACC CTT CGG CAA CTC GAG ACC TAT TCC AAC TAG c c a g t c g g c t a t a t t a a a t a g a a g ^ y t 379

88 V C S L R Q L E T r C H 100
380 t a c g a t a g g a t g c a g a t g c t t t t a a a a a t a a a c e c a c g t g g g a a a a a t g g a c a c a c a g g t A t a a t q t f e a t ^ t a t t t t a a a 459
460 a c c a g g a t t t t a a a t a t t t a a c a a a a a a a a a a a a a a 495

CC

B î= f
K R R  U  R R primer *2

B
1 t g g g t a t c c t a g a g g g c a t c a c a g t t a a g c t a g t c c g g t a c g t a g c t t a c c c a t t g c a c a c a g c g t a c c c a t c t c g a c t a 80

81 t a g c a t c g g g c ATG AAT TCC TCC AGC TAC ACC GTG GTG CTC AAT AAG GAG GTG GCC AAG GAG 142
1 K N 3 S S Y 3 V V L N C E V A K E 17

143 CAG GCG GAG TAC CTG TCC GGG TCC ACC CTG CCC GAC GTG CTT TCC TTC CTC CCC GAG CAC 202
18 Q A E Y L C G s T L A D V L 8 P V A E a 37

203 CTC TCC GGA TCC TAC GCC GAA ATC CTT ACC GTG TCT GGA AAC AGA GGC TAC TAC TTT CAA 262
38 L C G 3 Y A E I L 3 V C G N R G Y Y F Q 57

263 CCT CGG ACC TCC GTG GGC AAA AGA GCA ATC GAC TTT ATC TCC GAA AAG CAG GCG AAA GAC 322
58 P R T 3 V G K R A I 0 r I 8 E K G A K 0 77

323 TAT ATG GGG GCC ATG CCC CAC ATC CGG CGG CGC CGG GGT TTG GTG GAG GAG TGC TGC TAT 382
78 Y M G A M p a I R R R R G L V E E C C Y 97

383 CGG GTG TGC GAC TTC CGG CAA CTC GAG ACC TAT TGC AAC CCC TAC TCG ACG GCC TCC ACC 442
98 R V C D r R Q L E T Y C a p Y 8 T A 8 8 117

443 CAC CCC CAC CCC CTC AAA AGA CAC CGA GCC GCA CCC ACT GGT GGA CGA CCA TCT CCT CTC 502
118 H p H P L K R a R A A p 8 G 6 R R 8 P L 137
503 TGA g c t a t t a t t a c g g g g c a t t t g c g a t a g g t t a c g a t g t g g c a t t t c c a c a c a t t t g a g a t a t a c a g g g g g g c g c g a t 581
138 138
582 c t a t t a t c t a t c t a c g a c g a t t c a g c a t c g t a c g a t c a t f c t t a t a t t a t t t a a a t t a a c c g g g t a a t a a a g c g g c g a t c g 661
662 a g e ;rc ac fta a 671

■Ëj.. .̂ j!LV:L
B K R C R R A RA E

K R

primer #4



242

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 7.1 B, 7.2B) consistent 

with that of vertebrate IGF-I and -II (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 671 bp, has dibasic processing sites flanking the 

0  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 ig f cDNA contains 

coding regions for B, 0, and A domains. However, an unusual 

feature within the B domain is that tunicate ig f 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.
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Figure 7.2: Alignment of tunicate insulin andlGF 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.
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Tissue expression of tunicate insulin  and ig f  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 S' untranslated regions. These 

regions were distinct and allowed the specific detection of 

either insulin or igf mRNA/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 ig f 

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 I 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/g/cD N A  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 0), gonad/digestive gland (lane D), intestine (lane E), 

heart (lane F), tunic (lane G), branchial basket (lane H), tunicate 

ig f cDNA clone (lane I), negative control (lane J), and insulin 

cDNA clone (positive control; lane K). (B) PCR reactions with 

tunicate ig f 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 insulin 

cDNA clone (lane I), negative control (lane J), and igf cDNA clone 

(positive control; lane K).
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Figure 7.4: Sections (11p.M) 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

I 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 -II. 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 

85, 810, 811, 814, 817, AGO, AGI, 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 8G, 818, 

AG4, AG5, AG9, and A78 essential for the disulfide linkages of 

the 8 and A domains in the mature peptide (Figure 7.1) 

(Nagamatsu et al. 1991). The G cysteine residues and the 

hydrophobic core are characteristics of the insulin superfamily. 

These characteristics are seen in other related peptides
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including human and hagflsh 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; Cascierl et aL 1988; De Meyts et at. 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 a i 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 

Al (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



259

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-I and -II 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.

2 10 17
A E Y L C G S T L A D V L S F V  * * * * * * * * * *
A E H L C G S Y - A E I L S - V  
18 31

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-I 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-I and amphioxus ILP 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 ig f-l 

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-I and IGF-II 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 *.



Tunicate insulin Tunicate IGF

Amphioxus ILP 36/50 (72%) 45/62 (73%)

Hagfish insulin 24/50 (48%) 22/50 (44%)

Bombyxin A l 18/44 (43%) 13/44 (30%)

Hagfish IGF 30/50 (60%) 29/62 (48%)

Human IGF-I 28/50 (56%) 32/58 (55%)

Human IGF-II 29/50 (58%) 32/58 (55%)

Human insulin 31/50 (62%) 29/50 (58%)

B-DCmiN

hIGF-II AYRPSETLCGGELVDTLQFVCGDRGFYFSRPA * *** * * * **** ** ** *
tIGF QAEYLCGSTLADVLSFVCGNRGYYFEPRT

* *** * * * **** ** ** *
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GKRAIDFI.,. 
YGSSSRRAPQT

GIVEECCFRSCDLALLETYCAT 
******* * *** *****
GIVEECCYRVCDLRPLETYCN- 

* * *  * * *  *  * * * *  * *  * *

GIVDECCFRSCDLRRLEMYCAP

D-DOAMIN 
PARSE
PYSTASSHPHPLK 
LKPAKSA

t o
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Tunicate in su l in  and ig f  mRNA 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 ig f 

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 sam e 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 mRNA 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 ai. 1987), intestine of hagfish (Peterson at al. 1975) 

and the brain of insects (Adachi at al. 1989) and molluscs (Smit 

at al. 1988). Therefore, tunicate insulin mRNA 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 at al. 1992).

The origin of separate insulin and IGF molecules 

precedes tunicates



265

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 II (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 a s  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 sam e 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, RHM, secretin, GIF, GRF, glucagon, 

glucagon-like peptide-l, glucagon-like peptide-ll and PACAP.

The grf/pacap gene from the tunicate, catfish and chicken span 

over 600 million years of vertebrate evolution, and hence.
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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 5'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 GIF 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.
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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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I l l

Not all family members have been Isolated from 

non mammalian 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 nonmammallan species. We hypothesize 

that the grf/pacap gene duplicated and gave rise to the two 

separate  genes after the split between the avian/reptlllan and 

mammalian lineages. Therefore, the largest number of members 

for the glucagon family Is within the mammals. The number of 

superfamlly 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 superfamlly may not have been 

detected by my probe. In tunicates, only two genes In the 

superfamlly 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 superfamlly preceded the 

protochordates to a point In time much earlier than previously 

thought.
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Figure 8.2: Proposed evolutionary pathway for members of the 

glucagon superfamlly. The diagram Is based on the presence of 

genes and proteins Isolated from different vertebrates and 

Invertebrates (tunicates). The presence of the highly conserved 

PA C A P i .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-1 (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. It is apparent that the 

two tunicate insulin family members evolved from the same 

progenitor from which insulin, IGF-I and IGF-II 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.
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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-I and IGF-II. In addition, in Chapter 

6, two different IGF-ls 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.
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Future directions

With the isolation and sequencing of oDNAs 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 logical 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, I 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, I 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 fac to rs

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
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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 El 4 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.
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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
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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.




