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test specimen successfully comes into contact with the pad containing the test substance. x lndicates test

specimen does not have any contact with the pad containing the test substance.

Table 4.6. Success rate of caerin 2.3 as an attractant on males of Litoria splendida. Experiment conducted in a
series of tests, with the test specimens not being used more than once. r/ lndicates test specimen successfully

comes into contact with the pad containing the test substance. x lndicates test specimen does not have any

contact with the pad containing the test substance.
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Table 4.7. Success rate of caerin 2.3 as an attractant on females of Litoria caerulea. Experiment conducted in a
series of tests, with the test specimens not being used more than once. { lndicates test specimen successfully
comes into contact with the pad containing the test substance. x lndicates test specimen does not have any

contact with the pad containing the test substance.

Table 4.8. Success rate of caerin 2.3 as an attractant on males of Litoria caerulea. Experiment conducted in a
series of tests, with the test specimens not being used more than once. { lndicates test specimen successfully

comes into contact with the pad containing the test substance. x lndicates test specimen does not have any

contact with the pad containing the test substance.

Table 5.1. Peptides isolated from skin secretions taken from the dorsal and submental glands of Litoria citropa.
Dor. indicates peptides isolated from the dorsal glands (on the back). Sub. indicates peptides isolated from the

submental gland (underneath throat).

Table 5.2. MS data for citropin 1 peptides isolated from Litoria citropa.

Table 5.3. MS data for citropin 2 peptides isolated lrom Litoria citropa.

Table 5.4, MS data for citropin 3 peptides isolated from Litoria citropa.

Table 5.5. Antibacterial activities of some of the citropin peptides from Litoria citropa, in comparison with the

antibacterial activities of caerin 1.1 and maculatin 1.1. lnactive in this context means the activity is > 100 pg/ml.

Where there is no figure listed the MIC value is > 100 ¡rg/ml.

Table 5.6. Antibacterial activities of citropin 1.1 and seven synthetically modified citropin peptides. Where there is
no figure listed the MIC value is > 100 pg/ml.

Table 6.1. Structural comparison between caerulein, gastrin ll and CCK.

Table 6.2. Relative abundances and retention times of fraction A, as summarised from the chromatogram

represented in Figure 6.2.

Table 6.3. Relative abundances and retention times of fraction B, as summarised from the chromatogram

represented in Figure 6.3.

Table 6.4. Sequences of peptides isolated and characterised from fraction A.

Table 6.5. MS data for peptides isolated from fraction A.

Table 6.6. Sequences of peptides isolated and characterised from fraction B.

Table 6.7. MS data for peptides isolated from fraction B.

Table 7.1. NO as a double-edged sword: messenger and toxin.

Table7.2. Sequence and corresponding antibacterial activities of citropin 1.1, citropin 1.2 and citropin 1.1 M1.

Where there is no figure listed the MIC value is > 100p9/ml.

Table 7.3. Activity results from Ca2* bioassay. Experiments were performed in duplicate and data presented as

percent of control (distilled water) +55.

Table 7.4. Preliminary anticancer assay results. Results for each test agent are reported as the percentage of

growth of the treated cells when compared to the untreated control cells. Compounds that reduce the growth of

ãny one of the cell lines to 32Yo o¡ less (negative numbers indicated cell kill) are passed on for evaluation in a full

panel of 60 cell lines. (See Experimental section for further details)'

Table 8.1. The major tryptophyllins from Litoria rubella.

Table 8.2. Peptides isolated from Litoria electrica skin secretions.

Table 8.3. MS data for peptides isolated from Litoria electrica'

Table 8.4. Comparison of Litoria rubella peptide profiles with that of Litoria electrica.
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Abstract

Amphibian skin is like a chemical warehouse, an extraordinary source of biologically active

compounds. Amphibians have the ability to generate a number of natural defence compounds

onto their integument. Some of these natural compounds that are produced include amines,

steroid derivatives, toxic alkaloids and peptides. In particular, the amphibian integument is a

rich source of biologically active peptides. With such an astounding diversity of abundant and

readily accessible biologically active peptides, amphibians can be looked upon as a rich

source of new and novel biologically active chemicals. This includes hormones, neuropeptides

and antibacterial peptides. The chemical and pharmacological investigation of these

compounds derived from amphibian skin offers a promising pathway towards new medicinal

discoveries. The work presented in this thesis is centred on this investigation and isolation of

novel amphibian peptides, and further investigates the biological activity of some of the

peptides discovered throughout this research.

The research presented in this thesis encompasses three main areas

(i) The investigation of the skin peptide profiles of three distinct species of Australian

amphibians. These include larval Litoria splendida, Litoria citropa and Litoria electrica.

(ii) The investigation of a sex pheromone found in the adult male skin secretion of Litoria

splendida. Although much is known about the sex pheromones in insects, very little is known

of pheromones in amphibians. This research reports the discovery, isolation and

characterisation of an aquatic female-attracting pheromone. This is the first anuran pheromone

to be identified, and only the second peptide pheromone identified in a vertebrate.

(iii) The investigation of the biological activity of some of the peptides characterised from this

research. These biological investigations included testing for antibacterial activity, nitric oxide

synthase activity, neuropeptide activity and anticancer activity. Of the 45 new peptides

discovered from this research, 14 exhibited antibacterial activity, 3 exhibited inhibition

activity on neuronal nitric oxide synthase and 3 exhibited preliminary anticancer activity, with

an extra 15 suspected to be potent neuropeptides'
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CHAPTER 1. lntroduction

1.1. Peptide Pharmacology

1.1a. General

The science of drugs, their properties, uses and effects within the world of pharmacology has

been predominantly based on signal molecules of low molecular weight, and non-peptide in

nature. With advancing technology it has become clear that peptides are at least as important,

and possibly much more so as signal moleculesr. However, the pharmacological

understanding and application of peptide signalling has not reached the same level of

development as many other pharmacological systems such as the adrenergic systemt.

Historically, there are two main reasons why pharmacology has had a strong disposition

towards non-peptides. One is that medical science has been greatly influenced by the analysis

of natural products that demonstrated medicinal importance '. Yery few if any of these

products were peptides. The second reason is related to methodology. Only within the last

thirty years have there been significant advances in peptide research, including the

development of solid phase peptide synthesis, the application of antibodies for

radioimmunoassay and immunocytochemical localisation of peptides, various sequencing and

analytical structural determination techniques, three-dimensional molecular modelling and

genetic engineering, which includes the use of recombinant deoxyribonucleic acid (DNA)

systems.

By the 1930s, a number of uncharacterised peptide mediators had been discovered' For

example, substance P, bradykinin and angiotensin had been identified as peptides, but their

structures remained unknown for many yearst. In 1953, the peptide oxyocin* (Figure 1'1) was

structurally characterised and synthesised '. This was the first peptide for which this was

' Oxytocin is a hormone found within a specific region of the mammalian brain. lt stimulates the contraction of the

smooth muscle of the uterus to aid the expulsion of the baby during childbirth. lt also promotes ejection of milk

from the mammary glands during breastfeeding.
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achieved and the first to be synthesised commercially for medical applications.

-Tyr- 
I le-G I n-Asn-Gys-Pro-Leu- G ly (NHz)

Figure 1.1. Oxytocin

Today, modern methods allow most peptides to be fully characterised and synthesised.

However, the pharmacology of biologically active peptides and their therapeutic utilisation is

still relatively sparseo. Nevertheless, many researchers have predicted the upcoming

therapeutic growth area of peptidess.

1.1b. Structure and function of pept¡de mediators

Peptides are compounds comprised of amino acids that are covalently linked together by the

formation of an amide bond (Figure 1.2) between c-amino and cr-carboxyl groups.

g

f1

1

ü-cârbon

(a) (b)

Figure 1.2. Structure of the peptide bond. (a) A schematic representation of the electron density around

thã peptide bond. The -C=ô and -N-H bonds are parallel, accounting for the rigidity around the C-N.

This is because the peptide bond exhibits partial double bond character due to the delocalisation of the

n-electron orbitals ou"i O-C-¡1, producing a resonance stabilisation. (b) Bond lengths and angles within

the peptide bond. Bond lengths are in nanometers (nm)'
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The distinction between peptides and proteins is a subjective one, with the cut off point

generally being 50 amino acids. Endogenous peptide mediators characteristically comprise a

linear chain of approximately 5-40 amino acids. Usually the carboxy terminus (C{erminus)

has been modified into a post-translated amide. Endogenous peptides often occur with other

post-translational modifications, such as glycosylation, acetylation, carboxylation, sulphation

or phosphorylation of specific residues t. They often contain intramolecular disulphide bonds,

which allows the molecule to adopt a partially cyclic formation6. Peptides of this size are often

difficult to crystallise, restricting the use of X-ray diffraction methods for conformational

structure studiesT. Nuclear magnetic resonance (NMR) spectroscopy has been applied

successfully for the examination of peptide conformational structure in solution, and has

generally shown these molecules to be highly flexible8. However, to imagine them fÍting into

a receptor site in a precise 'lock and key' manner is to imagine unlocking a door with a length

of cooked spaghetti. This has restricted the development of non-peptide analogues that mimic

or block the actions of peptides, as synthetic chemists simply do not know where to begint.

Most known mammalian peptide mediators come from the central nervous system (CNS) and

the endocrine glands*. However, some are formed within plasma, and may occur at other sites

like the vascular endothelium, heart, cells of the immune system and so onn. The same peptide

may also be produced in several locations, and serve several different functions. For example,

the plasma peptide angiotensin acts on a specific region within the brain to release the peptide

hormone vasopressin, which in turn causes water retention. It also acts elsewhere in the brain

to stimulate drinking behaviour and to increase blood pressure by activation of the

sympathetic systemlo. Furthermore, it also acts directly to constrict blood vessels.

Like other chemical mediators, peptides produce their effects by binding to specific receptors.

The transduction mechanisms by which they control cell function generally involve the same

second messenger systems as those used by other mediatorsa. Peptides also often act in the

CNS as co-transmitters with other peptides or with non-peptide transmitters. The number of

known peptide mediators now surpasses that of non-peptidess'

' Endocrine glands are ducfless glands that secrete hormones directly into the sunounding tissue fluids and

blood vessels. The hormones are ðarried to the target cell in other parts of the body by the circulatory system'

3
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As previously mentioned, most known mammalian peptide mediators come from the CNS

(neuropeptides) and the endocrine glands (peptide hormones).

1.1c. Neuropeptides

Neuropeptides are chemical messengers that are released from sensory neurons and act on

neuronal receptors. In doing so, they usually activate a second messenger system producing

intracellular effects that alter the synaptic activity of particular neuronstt. Neuropeptides can

act on either presynaptic or postsynaptic sites, and are usually released from sensory neurons.

Neuropeptides can also contribute to the inflammatory reactions in some tissuestt. For

example, the peptide substance P and a particular group of peptides, known as the tachykinins,

produce smooth muscle contraction, mucus secretion and various other functions.

Substance P was originally discovered in 1931 during biological activity investigations of

extracts of the brain and intestinel3. It was found that one of the compounds showed activity

that was not due to acetylcholine, and which lowered blood pressure and contracted smooth

musclela. The chemical properties suggested that it was a peptide, and it was simply named

substance Pts. This was the first neuropeptide to be discovered. In the 1950s, Vittorio

Erspamer was investigating bioactive amines in marine animals. He discovered a peptide in a

Mediterranean octopus that had similar activity to that of substance P16. The peptide was

isolated from nearly two tons of octopus and named eledoisinlT. This encouraged Erspamer to

conduct similar experiments in amphibians, and another peptide named physalaemin was

discoveredtt. These peptides produced rapid contractions of smooth muscle preparations, and

exhibited potent vasodilatation activity. Erspamer named this family of peptides as the

tachykinins (fast acting), distinguishing them from the bradykinins that were much slower

acting on smooth muscle. In 1970, substance P was purified and characterised as a member of

the tachykinin family of peptides, which are charactenzed by the C-terminal sequence -Phe-

X-G1y-Leu-Met-NHr1n. Since then more tachykinins and many other neuropeptides have been

discovered and characterised. Some examples of tachykinins are shown in Table 1.1.
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Origin

Substance P

Substance K

Substance B

Eledoisin

Physalaemin

RPKPQQEFGLM(NH,)
HKTDSFVGLM(NH,)
DMHDFFVGLM(NH,)

pEPSKDAFIGLM(NH')
pEADPNKEFGLM(NH,)

Mammalian

Mammalian

Mammalian

Cephalopod

Amphibian

Table 1.1. Structures of some tachykinin peptides, with common amino acids shown underlined'

1.1d. Hormonal peptides

Hormones are chemicals that are secreted (without the advantage of a duct) into the blood

stream, usually acting on a distant tissue20. Hormones fall into three distinct categories' These

are: (i) peptides and proteins, (ii) amines and (iii) steroids. The majority of hormones fall

within the protein and peptide category, and are secreted throughout the CNS, pancreas,

gastrointestinal tract, kidneys, heart and livelo. Peptide hormones are stored in secretory

vesicles until they are ready to be releasedt. This storage of peptide hormones, in a readily

releasable form, allows the ductless gland to respond rapidly to any demands for increased

secretion without the requirement of an increase in hormone synthesist'. Upon appropriate

stimulation, the secretory vesicles fuse with the plasma membrane and liberate their contents

to the outside by a process known as exocytosis.. Such secretion is not continuous, but is

triggered only by specific stimuli2O. Hormonal peptides are generally hydrophilic, making

them water-soluble but with low lipid solubility. This allows the secreted peptide hormone to

readily dissolve in the plasma and be distributed freely throughout the blood stream, in

contrast to the hydrophobic steroid hormones that circulate in the blood to their target cells

reversibly bound to plasma proteins2O. The hydrophilic hormonal peptide cannot pass through

the lipid membrane of the target cell, and consequently binds with specific receptors on the

outer surface of the target cell. Binding of the hormone activates the membrane-bound

5
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enzyme adenylate cyclase that in turn converts intracellular adenosine triphosphate (ATP) to

cyclic adenosine monophosphate (cAMP), the intracellular second messenger. Most

hormonal peptides use gAMP as the second messenger, however a few peptide hormones are

known to use intracellular Cazt as the seconcl messenger. The second messenger activates a

second enzyme (protein kinase) that may phosphorylate a number of enzymest.

phosphorylation causes some of the enzymes to be activated ancl others to be deactivated23, It

is this alteration in enzyme activity that produces the ultirnate physiological response to the

hormone2a. This mechanism is represented in Figure 1.3. Once a hormonal peptide has

interacted with a target cell, it is rapidly deactivated or removed so that it is no longer

available to interact with another target cell. Once the hormone is removed, OAMP is

converted to inactive AMp by the enzyme phosphodiesterase (PDE)25. Some examples of

known hormonal peptides are Vasopressin, gastrin and oxytocin.

Plasma
membrane Target cell

@

ll,ologlcd
lln ct

Figure 1.3. Mechanism of action of hormonal peptides on the target cell. H (free hydrophilic

ho-rmone), R (surface receptor), AC (adenylate cyclase), ATP (adenosine triphosphate), cAMP (cyclic

adenosine monophosphate), PDE (phosphodiesterase), lK (inactive protein kinase), K (active protein

kinase), P (phosPhate).
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1.1 e. Peptide biosynthesis

Peptide structure is directly encoded within the genome. Peptide production (Figure 1.4)

involves the formation of a precursor protein, known as a prepropeptide, which has the

peptide sequence embedded within it, along with specific proteolytic enzymes that excise the

active peptide2o. The prepropeptide is packaged into vesicles at the point of synthesis, and the

active peptide is produced intracellularly by selective enzyrnic cleavage's. The genetically

coded prepropeptide is a relatively large protein comprising a signal sequence and a

propeptide. The signal sequence is involved in the transfer of the protein across the cell

membranetu. The propeptide contains the embedded sequences of one or more active

peptides2T. The signal sequence is cleaved off at an early stage, forming the propeptide28. The

active peptides are usually clearly confined within the propeptide sequence by pairs of basic

amino acids (Lys-Lys or Lys-Arg), which are the cleavage points for the various trypsin-like

proteases that act to release the active peptides2s. This endoproteolytic cleavage generally

transpires before the peptides have been stored in secretory vesicles. Little is known about the

enzymes involved, or what governs the process22.

Cloning techniques have allowed the characterisation of peptide precursors. Once the peptide

has been purified and its amino acid sequence determined, the corresponding complementary

deoxyribonucleic acid (cDNA) can be synthesised and used to extract the complete DNA

segment encoding for the protein in which the peptide sequence is embeddedl. Generally it

has been observed that the precursor protein þrepropeptide), usually 100-250 residues in

length, consists of a N-terminal signal sequence, followed by a variable stretch of unknown

function (spacer peptide), further followed by a peptide containing regions in which several

copies of active peptide fragments are containedtn. The peptide 'scraps', that are left over

(spacer peptides) as the large prepropeptide molecule is cleaved, are often stored and co-

secreted along with the active peptides25. This raises the possibility that these other peptides

may also exert biological effects that differ from the traditional peptide products; that is, the

cell may actually be secreting multiple active peptides, but the functions of the other peptide

products are usually unknown. Often, several different peptides are found in one precursor'

but sometimes there is only one in multiple copies'o. The signal peptide is usually strongly

hydrophobic, and is important for insertion of the protein into the endoplasmic reticulum20.

7
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A single precursor gene may give rise to several peptides. either by selective DNA splicing

before transcription by selective cleavage of the propeptide, or by post-translational

modificationtt. Many biologically active peptides are converted to amides, by amidation at

the C-terminusT. This conversion is vital for the biological activity of numerous peptides,

such as tachykinins and peptides related to corticotrophinr0. Another common observation is

the generation of peptides of varying length from the same primary sequence, through the

activity of specifrc peptidases that cut the chain at different points32. For example, pro-

cholecystokinin (pro-CCK) contains the sequences of at least 5 CCK-like peptides ranging in

length tiom 58 to 4 amino acids, all with the same C-terminal sequencet. There are also many

examples of closely related peptides with different origins of location and physiological

functions, likely to be produced by divergent adaptations from a single gene'n.

5',
'JìJ

Gene
Transcripiion
and splicing

tail
mRNA

Translatiart
N-term¡nel C-terminal

Prepropeptide
Signêl pept¡de

Propeptide

¡?e¡rs of Ðas¡'c res¡dues
demãrcal¡ ilg ác¿, ue Bepltdes

Cleavage of
signal Beptide

Endoprcteolytic
cleavage\/

Spacer peptides

Secreted
peptides

Amidation,
sulfatiort etc

Fu¡lher cleavage

Figure 1.4. Production of a peptide mediator. The gene contains the coding regions (exons)

interspersed with non-coding regions (introns). The coding regions of the gene (exons) are

transcribed and spliced, which removes the introns and some of the exons, to give rise to the

messenger ribonucleic acid (mRNA). The mRNA segments are translated to produce the

prepropãptide. Cleavage of the N-terminal signal peptide produces the propeptide, from which

endopeptidases excise the peptide fragments. The resulting fragments may be active or may further

undergo post-translational processing (amidation, etc.).
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1.1f. Peptides as pharmaceuticals

In spite of the relatively large number of known active peptide mediators, few peptides to date

are useful as drugs. Generally, peptides produce unfavourable drugs for several reasons:

(Ð Peptides cannot be given orally. This is because they are either hydrolysed in the

stomach, or poorly absorbed when given orally. An exception is the fungal peptide

drug cyclosporin, which is not affected by peptidase activityl.

(iÐ Peptides are usually expensive to manufacture on a commercial basis.

(iiÐ Peptides are usually rapidly degraded by plasma and tissue peptidases, resulting in a

short biological half-life, although there are exceptions to this.

(iv) Peptides do not penetrate the blood-brain barrier.

Nevertheless, with the advances of biotechnology and research development in this area of

study, the clinical applications of peptide mediators should markedly increase. Some

examples of peptides that are being used clinically are listed in Table 1.233.

Peptide Drug Application Route

Captopril/Enalapril

Vasopressin/Desmopressin/lypressin

Oxytocin

Saralasin

GnRH'and analogues

LHRHT antagonists

ACTH+

TSHSffRH'-

Calcitonin

Somatostatin

Cyclosporin

Hypertension, heart failure

Diabetes insipidus

Prevention of post-partum bleeding

Hypertension

lnfertility/suppression of ovulation

Prostatic and other tumours

Diagnosis of adrenal insufficiency

Diagnosis of thyroid disease

Paget's disease of bone

Acromegalyfr

lmmunosuppression

Oral

lntra-nasal, I njection

lnjection

lnjection

lnjection

lnjection

lnjection

lnjection

lnjection

lnjection

Oral

Table 1.2. Peptides as drugs

' GnRH; Gonadotropin-releasing hormone.
t LHRH; Luteinising hormone-releasing hormone.
t ACTH; Adrenocorticotropic hormone.
s ISH; Thyroid-stimulating hormone.
.' 

TRH; Thyrotropin-releasing hormone.
tt Acromegaly is the excessive secretion of growth hormone in adults.

9
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1.2. Amphibian Peptides

1.2a. Amphibians

Amphibians are a class of vertebrate that, with a few exceptions, generally live on land but

breed in water, with the young metamorphosing (changing) into adult form from an early fish-

like (tadpole) stage. There are three orders of amphibia3a:

(i) Anura (frogs and toads).

(ii) Urodela (salamanders and newts)'

(iii) Apoda (worm-like burrowers).

The anurans alone have been classified into some 24 families and more than 3,800 species,

and are the essence ofthis research.

1.2b. Why study anurans?

Numerous organisms utilise toxic chemicals to protect themselves from predators and

microbial pathogens, therefore increasing their chances of survival in the wild. However, of

the many examples, none can be compared to that of anuran skin in regard to variety, and

even more, concentration of these active compounds. Anuran skin is like a chemical

warehouse, an extraordinary source of biologically active compounds. Anurans, and

particularly the skins of anurans, have been used traditionally for medicinal purposes for more

than 2000 years". In ancient times powdered anuran skins were used to develop medicines

such as heart stimulants and diuretics, and more recently in some parts of South America an

anuran is simply strapped to an injury to treat any bacterial infections'u. One example out of

many where the chemically active properties of an anuran has been exploited is that of the

poison dart frog (Figure 1.5). The native Indians from Central and South America use the skin

secretion, from a number of anuran species known as poison dart frogs, as a killing agenttT '

The Indians poison the tips of their darts with the secretion of the poison dart frog. They hang

the frogs by their legs over the fire, which stresses the frog and causes it to secrete a poison

over its back. A dart is then wiped over the back, which transfers the secretion onto the tip of

the dart. The Indians then use these darts to kill animals. The poison from the poison dart

10
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frogs contains toxins that dull the nerves and can cause heart and respiratory failure. As little

as 2 micrograms of the poison in some species can kill an adult human38. Each poison dart

frog contains nearly 200 micrograms of the particular active substance. The poison from one

of these anurans could kill 100 adult humans. Medical researchers have taken advantage of

these toxins and are currently frnding ways to make pharmaceutical agents such as muscle

relaxants, heart stimulants, heart regulators and anaesthetics from the poisons3e. An example

is the analgaesic dermorphin (listed in Table 1.5), which was isolated from the poison dart

frog P hytlomedusa b ic olotrao .

Figure 1.S. Two different species of poison darl frogs from the genus Phyllobates

Anurans live and breed in environments where there are numerous microbial pathogens

(Figure 1.6). However, they appear to be essentially immune to infectionut. This natural

immunity is primarily due to their ability to generate a defence mechanism involving various

host defence compounds. Some of the natural defence compounds that anurans produce

include amines, steroid derivatives, peptides and toxic alkaloidsa2. The skin secretion

contains a mixture of host defence compounds that exhibit a striking display of biological

activity.

11
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\

Figure 1.6. The typical environment of an anuran

The host defence compounds within the skin secretions originate from specialised glands

within the dermal layers. There are essentially fwo types of glands within the skins of most

anurans, the granular glands and the mucosal glandsa3. The active components are exuded

from the granular glands. These glands are dispersed throughout the dermal regions of the

anuran. In some species the glands are localised and enlarged. The glands are strategically

concentrated in areas most exposed to predatory attack. There are several specific types of

hypertrophied glands occurring in anuran speciesaa. These forms are classified according to

their anatomical position, and are listed in Table 1.3'

ì\

\
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Type of Hypertrophied Glands Anatomical Position

Rostral

Supralibial

Parotoid

Submandibular

Coccygeal

lnguinal

Femoral

Tibial

Dorsal

Submental

Dorsal surface of the head

Upper lip region extending beyond the jaw

Shoulder region

Region adjacent to lower jaw

Flanks of each side of the coccYx

Each side of the groin region

Postural surface of each femur

Dorsal surface of each calf

Distributed throughout the surface of the back

Underneath the chin

Table 1.3. Classifications of the various hypertrophied glands present in anurans.

The action of the glands is under the control of the CNS, with the release of secretion

occurring in response to a variety of stimuli including stressas. For example, when predatory

snakes attack the South African clawed frog, it can secrete particular chemicals that induce a

yawning reflex on the snake, allowing the anuran to escape unharmedau. Besides protecting the

anuran from potential predators, many of the secreted chemicals from the skin function as

antibacterial agents. These agents, mainly peptides, are released onto the skin either by

adrenergic stimulation or in response to direct physical injuryd. Many of these antibacterial

agents have shown to be considerably potent, killing many strains of bacteria, protozoans and

even cancerous cellsas. These peptides are responsible for the extraordinary freedom from

infection experienced by anurans.

Active peptides, including the antibacterial peptides, are stored as inactive, processed peptides

within the granular glands of the skinae. The granular syncytial gland. is located directly below

, 
Syncytial gland is a gland composed of numerous types of cells fused together, producing a giant

multinucleated cell or gland

13
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the epidermis gland (Figure 1.7). This type of gland consists of a myoepithelial cell envelope

(the outer wall) on the periphery, with the nuclei", endoplasmic reticulumt and Golgi

complexest located inside the cell. The lumen (tubular cavity) of the gland contains the

secretory granules, where the peptides are storedau'

duct

Ëpidermis

Myoepitltel¡al

Nucleus

Secretory
compartment

Secretory
grånules

Nervous system
motor axon

cel

Figure 1.7. Representation of a granular gland found in anuran skin'

The production of the mature peptide occurs by the same fundamental process as described in

section 6.le. Transcription from the DNA to the mRNA transpires within the nucleus' This is

followed by translation of the mRNA to produce the prepropeptide. The signal peptide þre-

segment) facilitates transportation within the cell and is subsequently cleaved3n. The storage of

the mature peptide is assisted by the spacer peptide þro-segment). The spacer peptide

counteracts the activity of the mature peptide by equalising the positive charges and assisting

with the folding of the peptide to inhibit any enzymatic degradationsO'tt. The mature peptide is

' Nucleus is a membrane bound structure containing the genetic information in the form of DNA organised into

chromosomes.
t Endoplasmic reticulum is composed of a sheet of membranes, extending from the outer layer of the nuclear

envelope into the cytoplasm. lt is involved in the biosynthesis of lipids, proteins and carbohydrates, and is

involved in sorting proteins for transportation through the cell.
t Golgi complexeã are individual stacks of membranes near the endoplasmic reticulum. They are involved in both

tfre mo¿ifications of peptides, and in arranging them for transport to different cellular locations.
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inactive in the propeptide form. On stimulation of the gtanular gland by the CNS, the

propeptide is subjected to a series of specific enzymatíc cleavages, which ultimately produces

the active mature peptide3o. In many cases the skin peptides are post-translationally modified

in order for them to be actives2. This includes specific endoproteolytic cleavage, carboxy-

terminal alpha-amidation, tyrosine sulfation and amino acid isomerisation, suggesting that an

array of processing enzymes is present in the granular glands3. The peptide is then released

from the granule by a process known as the holocrine mechanism* and secreted onto the

exterior surface of the skinsa. The peptides can be readily synthesised at a low metabolic cost

due to their relatively small size (as compared to specific antibodies or phagocytic cells) and

they can be stored in large quantities that are rapidly available when requiredts. An interesting

compositional characteristic of the majority of anuran skin peptides is their lack of cysteine

residues, although such residues occur in many other biologically active polypeptides and

proteins derived from other living systems's. Many of the antibacterial peptides are specific

only to pathogenic microorganisms, making them ideal models for the development of

therapeutic agentssu.

The search for therapeutic agents from anuran skins commenced in the 1960s. The pioneering

work of Vittorio Erspamer and colleagues established the anuran integument as a rich source

of biologically active peptidessT. Since these initial studies that were conducted nearly four

decades ago, many families of peptides have been identified, including angiotensins,

bombesins, bradykinins, caeruleins, dermorphins, tachykinins, magainins and bombinins3s'

Some of the interesting features that distinguish anuran skin from that of other living systems

include: (i) the abundant concentration of peptides present within the skin, and (ii) different

species of anurans commonly store different types of pharmacologically active peptides

within their skin glandsss. With such an astounding diversity of abundant and readily

accessible biologically active peptides, amphibians can be looked upon as a rich source of

new and novel biologically active chemicals. This includes hormones' neuropeptides and

antibacterial peptides that often are not found in mammalian systems. The chemical and

pharmacological investigation of these compounds derived from anuran skin offers a

promising pathway towards new medicinal discoveries.

- 
Holocrine mechanism is a process that involves the disintegration of a cell, resulting in the release of the cellular

contents.
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1.2c. Anuran antibacterial peptides

In mid 1980, several peptides within the skin of a particular anuran species (Xenopus laevis)

were found to exhibit broad-spectrum antibacterial activity5e. Their presence was revealed

during an investigation for local sterilising agents, which had been initiated in order to explain

the absence of local inflammation during the healing of surgical wounds to this particular

vertebrate6o. The new antibacterial peptides were named magainins 1 and 2, and their

antibacterial activity could be demonstrated specifically against bacteia, fungi and protozoa at

molar concentrations comparable to commercial antibacterial agentsór. This generated

significant interest into the examination of antibacterial peptides from anuran skin secretions.

The structures of antibacterial peptides have certain features in common. While the primary

structures may vary significantly, the secondary structures of antibacterial peptides are crucial

for their activity62. They usually have an overall positive charge due to the presence of basic

residues (for example His, Arg and Lys) and possess the ability to form amphiphilic-

structures (alpha helices)63. As stated earlier, research has shown that many of the antibacterial

peptides aÍe specific only to pathogenic microorganisms. The antibacterial peptides

specifically targetbacterial membranes due to the differences between erythrocyte (red blood

cell) and bacterial membrane designs6a. Bacterial membranes contain a greater concentration

of anionic phospholipids, which enhance the affinity of the bacterial membrane for basic

(cationic) antibacterial peptides6s. In contrast, the erythrocyte membrane contains an

insignificant amount of anionic phospholipids and those present are usually localised on the

inner bilayer surface, orientated towards the cytoplasml and away from the binding actions of

any antibacterial peptides66. Furtherrnore, bacterial membranes lack cholesterol, a steroid that

has the ability to decrease the affinity of most amphiphilic antibacterial peptides for the

phosphotipid bilayeruT. In contrast, vertebrate cells contain a substantial amount of

cholesterol3T. The favoured binding of these basic peptides to negatively charged

phospholipids might explain their capability to lyse cancerous cells, which essentially express

anionic phospholipids on their membrane surface'

'Amphiphilic molecules are molecules that contain both hydrophobic and hydrophilic moieties
1 Cytoplasm includes the organelles and fluid portion of the eukaryotic cell.
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The exact mechanism of bactericidal action by antibacterial peptides is currently uncertain,

but it is believed to involve the modification of the bacterial membrane by the formation of

membrane channels or pores. These formations disrupt the normal functionality of the

membrane, disrupting the osmotic regulation and ion transport functions, which ultimately

lead to lysis and destruction of the ce11u8. Some peptides have shown selectivity for a specific

bacterial membrane; this may be related to the number and distribution of positive charges on

the antibacterial peptide. Experiments involving the synthetic D-enantiomers of these active

L-peptides have shown that the D-enantiomers exhibit similar, if not identical, antibacterial

activities as their native L counterpartsue. Therefore, chiral receptors or enzymes do not play a

role in their membrane activity. For example, the known antibacterial peptides L- and D-

magainins, L- and D-caerins, and L- and D-cecropins have¡all shown to have identical

activities with their isomeric counterpart s1o'7t'72. /i'

i,Ltf ¡ '

Various structural experiments have shown that antibacterial peptides adopt alpha (o)-helical

conformations in the vicinity of a membraneut't'. Further investigation of these helical

antibacterial peptides indicated that there was a distinct segregation of hydrophobic and

hydrophilic residues along the length of the helix (Figure 1.8). For example, the hydrophobic

residues showed to aggregate on one side of the helix and the hydrophilic residues on the

other. Peptides that exhibit these characteristics are known as amphiphilic peptides.

srDE vtEw AXIAL VIEW

ilic region
Hydrophilic region

3.6 Residues
I

l-lydrophobic region Hydrophobic region

Figure 1.8. Representations of an amphiphilic cr-helix
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The likelihood that a peptide may adopt an amphiphilic c¿-helix conformation can be predicted

by using an Edmundson helical wheel projection. This is a two-dimensional representation of

the three-dimensional structure of an cr-helix. The perimeter of the wheel corresponds to the

backbone of the pol¡peptide chain. The amino acid residues are projected onto a plane

perpendicular to the axis of the helix. One turn of an o-helix is 3.6 residues long, therefore

each adjacent residue can be spaced 100' apart around the circumference of the circle

representation, as shown in Figure 1.9. This corresponds to 18 residues per entire revolution

of helix. The residues are numbered from the N-terminusTa.

IT

M

I tû

lo t7

Figure 1.9. Edmundson helical wheel projection

The projection of an amphiphilic peptide onto an Edmundson helical wheel generally shows

distinct hydrophobic and hydrophilic zones.

An antibacterial peptide is usually.initiaþ in a random conformational state within the

extracellular fluid75. The positively charged peptide then binds electrostatically to the bacterial

membrane, which exhibits accessible negatively charged phospholipid head groupsut. During

binding, the lipid environment induces the amphiphilic peptides to undertake an cr-helical

structure30. The peptides anange themselves in a parallel manner to the membrane with the

hydrophobic regions buried within the lipid environment and the hydrophilic region exposed

f
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to the aqueous environment. Formation of the amphiphilic o-helix is thought to promote this

peptide absorption onto the surface of the bacterial lipid bilayer membraneT6.

The bacterial cell membrane is formed from a phospholipid bilayer, which is a double layer

of phospholipid molecules (Figure 1.10) arranged with their hydrophobic fatty acid tails

pointing inward. Many protein molecules are also embedded in the hydrophobic interior of

the bilayer, in which numerous proteins are also suspendedao. The protein molecules are

involved in a number of functions including the regulation of ions and soltltes throughout the

cell20. These proteins, known as integral proteins, generally span the bilayer and protrude on

either side. The portions embedded in the bilayer have hydrophobic surfaces, whereas the

surfaces of those portions that extend beyond the bilayer are hydrophilic. The lipid bilayer

functions as a natural barrier, and conf,tnes the flow of ions and other solutes throughout the

cell. Any disruption to this membrane barrier will ultimately cause cell death.

Phospholipid head

Fatty acid ta¡ls
(non polar)

Hydrophilic zones

m HydÍophob¡c zones proteins

Lpd
ayer

Figure 1.10. Bacterial cell membrane model
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Antibacterial testing for purposes of this research has been conducted using an assay known as

a minimum inhibitory (MIC) test7?. This assay involves the measurement of inhibition of the

applied test substance (test peptide) against a range of microorganisms. The activities are then

recorded as MIC values. The values therefore represent the minimum concentration of the test

substance required to totally inhibit the growth of a particular microorganism. The lower the

MIC value, the more potent the antibacterial activity.

An example of an antibacterial peptide is maculatin 1.1. Maculatin 1.1, from the skin

secretion of the Australian tree frog Litoria genimaculata, exhibits wide spectrum

antibacterial activityTs. The MIC results are recorded in Table 1.4.

Peptide Sequence

Maculatin 1.1 G LFGVLAKVAAHWPAIAEH F (N H,)

MIG (pg/ml)

Bacillus cereus

Escherichia coli

Leuconostoc lactis

Listeria innocua
Micrococcus /ufeus

Pasteurella multocida

Staphylococcus aureus

Sta p hyl ococc u s e p id e rm i d i s

Stre ptococcu s faecal is

Streptococcus ubens

3

25

100

12

50

6

12

25

3

Table 1.4. Antibacterial activity of maculatin 1.1. Where there is no figure listed the

MIC value is > 100 pg/ml.

The three-dimensional structure of maculatin 1.1 has been determined by nuclear magnetic

resonance (NMR) studies. The NMR experiments have shown the solution structure of this

peptide to be that shown in Figure 1.11.
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Figure 1 .1 1 . Three-dimensional structure of maculatin 1 .1

Maculatin 1.1 is essentially an o-helix with well-defined hydrophobic and hydrophilic faces,

therefore making it amphiphilic in structure. The Pror5 residue distorts the structure from

being a pure ø-helix. A synthetic modification, where the Pror5 is replaced with AlaI5

achieves a pure cr-helix, but the antibacterial activity is lost. This indicates the importance of

the proline residue, which functions like a 'hinge', allowing for considerable flexibility within

the structure that is crucial for its antibacterial activity.

The exact mechanism for peptide antibacterial activity is currently unknown, but one

accepted model that has been postulated is the'Barrel-Stave'mechanismtn'8(' lFigure 1.12).

This mechanism suggests the peptides in solution are initially unstructured (random state),

and that the positive charge distributions of these peptides cause them to attract to the polar

head groups of the phospholipids in the bacterial cell membrane. This therefore initiates

peptide association with the membrane surface through electrostatic interactions. On

interaction with the membrane surface, the peptide adopts an amphiphilic a-helix that

accommodates an energetically favoured low energy conformation when in close vicinity to

the bacterial membrane. Solid state NMR has shown that these peptides are then orientated

parallel to the membrane surfacesr. The helical amphiphilic 'stave-like' peptides then

aggregate, bind and insert into the membrane, forming ion-sized pores. The pores increase in

diameter through successive inducement of additional peptides. The pore is formed by the

lateral arrangement of the peptides such that the hydrophobic face of the peptide is exposed to

the membrane lipid region, and the hydrophilic face lines the pore. This results in the formation of a
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transmembrane pore, which allows the movement of ions and small solutes across the bilayer.

The flux of ions causes a disruption of the osmotic gradient, causing the cell to rapidly

decompose.

@oæ o@
[Rando'm ttete]

d Hallx formed

Outcide Cell

fr

u

Rrfrfarmetion
eN lnserllcn

Unregulated
flow of ions

Outsldo Gsll

fl

u
lntide Cell

fl

u
lnclde Cqll

Figure 1.12.'Ba¡rel-Stave' model.

The 'Barrel-Stave' mechanism requires the peptide to be of an adequate lengfh in order to

span the entire bilayer. Experimental evidence has indicated that each amino acid residue in

an a-helix is spaced from its adjacent residue by a distance of approximately 1.5 Å. ttre

bacterial membrane is generally 30 ,4. in thickness. A peptide must therefore have a minimum

of 20 residues to effectively span the bacterial membrane in order to produce the

transmembrane pore. Antibacterial peptides smaller than this required length are therefore not

supported by this postulations2.

Br€t rlrl CÉll ¡tûmbrans
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1.2d. Anuran neuropeptides

Various powerful neuropeptides have been found in anuran skin. For example, the majority of

Australian amrans of the genus (Jperoleia and Litoria contain a potent neuropeptide within

their skin secretions. (Jperoleia species usually produce the neuropeptide, uperolein, which is

a hypotensive toxin and amember of the tachykinin family. Uperolein produces rapid smooth

muscle contraction, vasodilatation and hlpotensive actions3'

V/ith the exception of a small Australian tree frog, known as Litoria rubella, all of the Litoria

species studied to date contain the neuropeptide caeruleinsa. Caerulein is characterised by a

post-translated tyrosine sulfate residue, and exhibits activity that modifies thermoregulation,

pain reception and induces sedation8s. Caerulein is several thousand times more potent as an

analgaesic than morphine, and is often the major component of the skin secretions of the

Litoria genus". Some additional examples of neuropeptides derived from specific anurans are

listed in Table 1.5.

Peptide Anuran Sequence Function

Bombesin

Bradykinin

Crinia Angiotensin ll

Dermorphin

Tachykinin

Bombina bombìna

Rana temporaia

Cinia georgiana

Phyllomedusa bicolour

Physalaemus
fuscumaculat¡s

Uperoleia inundata

pEQRLGNQWAVGHLM (NH,)

RPPGFSPFR (OH)

APGDRTWHPF (OH)

YAFGYPS (NH,)

pEADPNKFYGLM (NH,)

Smooth
muscle
stimulant

Vasodilator,
Hypotensive

Hypotensive

Analgaesic

Vasodilator,
Hypotensive

Vasodilator,
Hypotensive

Uperin 1.1 pEADPNAFYGLM (NH,)

Caerulein Litoria caerulea pEQDY(SO3)TGWMDF (NHr) Vasodilator,
Hypotensive
Analgaesic

Uperolein Uperoleia rugosa pEPDPNAFYGLM (NH,) Vasodilator,
Hypotensive

Table 1.5. Examples of some neuropeptides, and the anuran from which the peptide was originally derived.
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1.2e.The Litoria genus

The anuran order within Australia can be divided into five distinct families. These include

Hylidae, Lepodactylae, Microhylidae, Ranidae and Bufonidae. Together these families

comprise of twenty-nine genera. For example, the family Hylidae contains three genera,

Litoria, Nyctimystes and Cycloranaoo. The genus Litoria is one of the most diverse genera of

anurans throughout Australia, consisting of some sixty species. The geographical populations

of Litoria are also greatly diverse as they cover the majority of the Australian continent

(Figure 1.13). Erspamer initiated the research of peptides from the genus Litoria, with the

isolation of caerulein from the tree frog Litoria caeruleatu. Arboreal anurans (tree frogs) are

characterised by their flattened disc shaped fingers and toes. These digits secrete a sticky

substance that aids climbing. Tree frogs usually spend the majority of their time in the high

canopy of trees, generally only coming down to an aquatic environment to breed. The tree

lrogs Litoria splendida, Litoria citropa and Litoria electrica of the Litoria genus, are the

primary subjects of the research presented in this thesis'

t
Figure 1 .13. Distribution (indicated by the black region) of the genus Litoria throughout Australia
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1.3. Methodology

1.3a. Surface electrical stimulation

In the past, researchers that studied amphibian peptides often killed large numbers of

anurans. The skins were removed, dried and the peptides extracted using methanol.

Sometimes more than 1000 specimens were sacrificed in order to obtain enough material for

identificationtt. The need for a non-harmful collection was therefore required since many

anuran species are currently risking extinction. A method developed in l98l involved the

injection of noradrenaline into the dorsal surface of the anuran, inducing discharge of peptide

material without harm to the anuransB, The method relevant to this research, developed in

Igg2, involves a surface electrical stimulation (SES) methodse. The anuran is held while its

skin is moistened by distilled water. A platinum electrode, which is attached to an electrical

stimulator, is massaged over the glandular region (Figure 1.14). The mild electrical

stimulation induces the release of the skin secretion,

Figure 1.14. SES method.
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The stimulus strength varies in relation to the thickness and conductivity of the skin. After a

short delay, the secretion is discharged and the entire rnilking process is completed in about

30 seconds. This SES method is simple, quick, harmless and repeatable, allowing research to

be conducted by means of a single anuran rather than the extreme quantities sacrificed in

earlier research. After stimulation, the cmde secretion is rinsed off the skin with distilled

water. The glands in some species can release trp to 70-100 mg of peptide material. For

example, Litoria splendida produces about 70 mg of peptide material for each secretion

(Figure 1.15). The secretion is immediately worked on as the active peptides risk being

degraded by any enzymes present within the secretion. This deactivation process is believed

to be a safety mechanism in order to prevent any toxic peptides from affecting the host.

Figure 1.15. Crude aqueous secretion taken from Litoria splendida

The contents of the glands are usually replenished within several days, so successive

secretions can be readily obtained from the same anuran. The resulting crude secretion is

separated and purified bY HPLC.
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1.3b. Analysis by HPLG

The crude skin secretions that are obtained are injected into a HPLC machine, where the

peptides within the secretion are separated and purified. A reverse phase column is used for

the chromatography. The peptides absorb onto the hydrophobic surface from the mobile phase

and remain there until a sufficiently high concentration of organic solvent reaches the peptide

and displaces it from the hydrophobic surface. Only one part or 'face' of the peptide molecule

interacts with the hydrophobic surface of the reverse phase column. The remainder of the

peptide is in contact with the mobile phase. Desorption of the peptide from the hydrophobic

surface occurs when the concentration of the organic modifier reaches a particular

concentration.

The ability to separate peptides by reverse phase HPLC is dependent on the subtle differences

in the hydrophobic face of the peptide resulting from differences in the amino acid sequences'

The organic modifier used in this research is acetonitrile. It is used because of its high

ultraviolet transparency at low wavelengths, low viscosity resulting in low column back

pressure and high column efficiency, and high volatility, which allows the easy removal of

this solvent from peptide containing fractions. The aqueous solvent, which contains an ionic

modifier to adjust the pH, solubilises the peptide. The ionic modifier used is trifluoroacetic

acid (TFA) as it gives high-resolution separations and is volatile and easily removed. The

appropriate wavelength used throughout the chromatography experiments to detect the

peptide bonds ranged between 2L4 andZl5nrt.

Two IIPLC systems were used in this research.

(i) Waters Millipore Lambda Max 481 LC spectrophotometer
Waters Millipore 510 HPLC PumP
Waters Millipore 501 HPLC PUmP
lCl DP 800 data interface
lCl DP 800 data station

lCl 1200 UV^/IS detector LC spectrophotometer
lCl LC 1100 HPLC pumPs (X2)

lCl DP 800 data interface
lCl DP 800 data station

(ii)
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1.3c. Mass spectrometry

In its simplest form, mass spectrometry is a technique that allows measurement of the

molecular weight of a molecule, and is designed to perform three basic functions:

(Ð

(iÐ

(iiÐ

To produce ions from vaporised compounds (ionisation).

To separate these ions according to their mass to charge (m/z) ratios (analysis).

To subsequently distinguish and record the resulting separated ions (detection)

The discovery of positive rays in 1886 led to the birth of mass spectrometryno. Since then mass

spectrometry has greatly developed. The single sector (single focussing) mass spectrometers

developed in the early 1900s were replaced by the double sector mass spectrometers and

tandem double focussing mass spectrometersel. The search for greater resolution and

sensitivity resulted in the development of the three and four sector mass spectrometers. With

the advancement of biotechnology many other types of mass spectrometry techniques and

machines were produced. Some of these included the reverse geometry, flowing afterglow,

time of flight, ion cyclotron, Fourier ion cyclotron resonance and ion trap mass spectrometers.

Along with the mass analysers, the techniques of ion generation also evolved with time. From

the early emission of positive ions from the discharge tube, to electron impact ionisation,

chemical ionisation and field desorption. The progressions of biological analysis led to further

developments of desorption ionisation techniques. These included secondary ion mass

spectrometry, fast atom bombardment, plasma desorption ionisation, matrix assisted laser

desorption and electrospray ionisation techniques. Developments in these areas of ion

production, anaþsis and detection have expanded the powerful analytical applications of mass

spectrometry into many fields of research.

The structural determination of all peptide fractions isolated in this research was

predominantly characterised by mass spectrometry experiments. The research involved the

use of two mass spectrometers. Early research involved analysis by a Vacuum Generators

ZA¡3 2;g1F mass spectrometer, which includes all work described in chapter 2. Further into the

period of research a Finnigan LCQ electrospray mass spectrometer was acquired and used in

the work described in chapter 3 and thereafter.
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1.3d. Vacuum Generators ZAB 2HF mass spectrometer

The Vacuum Generators ZAB 2HF mass spectrometer (ZAB) is a two-sector reverse

geometry instrumentn'. The reverse geometry refers to the arrangement of the sectors, with the

magnetic (B) sector preceding the electric (E) sector. This arrangement has several

advantages over the corrventional electric followed by magnetic sector geometry. The major

advantage is the ability of the reverse geometry instrument to mass select a parent ion and

record the spectrum of its fragment ior-rs by scanning the voltage across the electric sector'

This technique is known as mass analysed ion kinetic energy (MIKE) spectrometry' A

schernatic diagram of the ZAB mass spectrometer is shown in Figure 1.16.

lntermediate detector

Magnetic sector

.\\ è

\
ÍJu,,,,,',íl I ll I

Electric sector

u llr rìiltl T

i,r:i i.lìii.li' :;j r:t:ii::
Final detector

Source slit (variable)

Collector sl (variable)
lon rce

Figure 1.16. Schematic of the VG zAB 2HF double focussing reverse sector mass spectrometer

Ionisation was achieved for this research by fast atom bombardment (FAB) ionisation' The

FAB technique is a variation of secondary ion mass spectrometry using a liquid matrixe3. The

sample is dissolved in a liquid matrix and then bombarded by a high-energy beam of atoms.

The high-energy beam is generated from an inert gas like argon or xenon, In this research

argon was used as the inert gas. Argon atoms are released from the FAB gun (Figure 1.17)

and enter a high potential field that ionises the atoms producing argon ions (Ar*). The Ar*

ions are then accelerated over a range of 8-10keV and passed through a gas of neutral argon

atoms. Electron transfer then occurs between the Ar* ions and the stationary Ar atoms (Equation 1.1),
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which results in a beam containing a high proportion of fast atoms. Fast ions that escape the

charge transfer process are removed by electrostatic deflection

Probe

a trt
)ae 

'

lnsulator 600

FAB

Figure 1 .17. Schematic representation of the FAB source

+ +

ple

a

*
Ar

Fast atoms
p

Fasf ions

Equation 1.1

The fast atoms impact the sample lmatnx mixture, which creates a dispersing effect. The

dispersion results by momentum transfer from the impacting atoms to the tatget, producing

random collision chains. Some of the dispersed material consists of sample molecules that

have crossed the surface into the gas phase as neutrals. Abundant positively or negatively

charged ions, which have interacted with the matrix before entering the gas phase, constitute

the remainder. The resulting gas phase ions can then be accelerated and mass analysed in the

spectrometer.

Ar* o+ Arp Aro+ ¡¡*

Probe
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The key attribute to the success of FAB is the liquid matrix, which enhances the production

and duration of the secondary ion beamea. The matrix promotes the production of a well-

defined and relatively long lasting spectrum from the moment the primary beam is switched

on. The matrix softens the impact of the fast atoms as it absorbs some of the momentum and

therefore reduces sample damage. An ideal matrix is one that is polar and of low volatility.

The most commonly used matrix is glycerol. The formation of ions occurs by a number of

processes including those shown in scheme 1.1.

ROH

RO-

+

+

M

M

RO- +

ROH +

(M+H).

(M-H)-

Scheme 1.1

After the ions are produced in the source, they are accelerated by a strong electrostatic field

potential Z (volts) and focussed through the source slit into the analyser region. The ions are

focussed through both the magnetic and electric sectors. The kinetic energy (I/2mf) of the

ion is given by Equation 1.2, where z is the charge of the ion (coulombs), z is the mass of the

ion (kilograms) and v is the final velocity of the ion (meters/second)es'

l/2mf : zI/ Equation 1.2

The flight path of the ion when entering the magnetic sector is perpendicular to the lines of the

magnetic freld B (tesla). The ion is then exposed to a centripetal force (BrV) that is

perpendicular to both the magnetic field and path of the ion. This is further balanced by a

centrifugal force (mf /r) that causes the ions to transverse the magnetic sector, where r is the

radius of the curved path. The motion of this path is outlined by Equation 1.3.

Equation 1.3.Bzv: mf /r
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Rearrangement of Equation 1.3 indicates that the magnetic sector disperses the ions according

to their momentum (mv) to charge (z) ratios as outlined in Equation 1.4e6'

mv/z: B/r Equation 1.4.

'When 
a fixed magnetic field strength is focussed on a specific mass, the ions of different mass

but same velocity that are entering the magnetic field are defocussed by their mass to charge

ratios (m/z). Only the ions with the correct mass to charge ratios follow the trajectory through

the central radius (r) of the magnetic sector. The m/z value of the ions that emulate this

trajectory are outlined in Equation 1.5, where r": t.

m/z:Ù'zy'/21/ Equation 1.5

Scanning the magnetic field results in the separation of different m/z íons and a routine

spectrum is obtained. The electric sector can focus the ion beam as a function of kinetic

energy. The ions that are focussed enter the electric field where the lines of force are

perpendicular to the path of the ion. Because of this perpendicular force, the ion pathway

becomes circular as outlined in Equation 1.6.

mf /r: zE Equation 1.6

Equation 1.6 is further aranged to give Equation 1.7

mf /z: Er Equation 1.7

The field strength controls the passage of ions, with particular energies and velocities, through

the electric sector. As r is fixed, ion kinetic energy (IKE) spectra of ions containing different

energies can be obtained by scanning the electric field strength. The resulting ions are

detected after the electric sector by a photon multiplier. The modes of scanning that were

applied for the acquisition of data in this research were primarily low-resolution scans and

MIKE spectroscopy.
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Low-resolution scans. were used to determine routine molecular weight information of the

peptide samples. Generally the magnet sector was linearly scanned from m/z 3000 to 300,

using a mass resolution of 1500 (10% valley definition) as shown in Figure 1'18. The

resolution between two adjacent peaks of equal height, m anð 7n * Lm, is obtained from the

ra'.io of m/Lm.

¡¡ +Affi

Figure 1.18. Representation of 10o/o valley definition.

The collisional activation mass analysed ion kinetic energy spectroscopy (CA MIKES)

technique applied to peptides generates a number of fragments, which often lead to the

identification of at least a portion of the amino acid sequence of the peptideeT. Since FAB is a

relatively soft ionisation technique, the resulting parent ions have little excess internal energy,

and therefore produce little fragmentation. 
":tlï::t"l 

activation is then used to induce

fragmentation of the parent ion. The qi;t*tuUt. spectrum of the peptide fragment ions are

initiated by focussing and accelerating ions of a particular mass into the second collision cell

that contains the inert gas. The pressure is controlled so that some of the ions undergo a single

collision with an inert gas atom. In these instances, a small proportion of translational energy

(normally <5eV) of the ion is converted into internal (vibrational, electronic and rotational)

energy, resulting in fragmentation. The daughter ions produced from the fragmentation of the

parent peptide ion are then analysed by scanning the electric field, according to the kinetic

energies of the daughter ions. This technique, used in accordance with other classical methods

of peptide and protein sequencing, leads to an efficient method of peptide sequence analysis'

m

þ_
l0

' Low-resolution scans are scans that obtain data with accuracy to at least unit resolution.
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1.3e. Finnigan LGQ electrospray mass spectrometer

The Fin¡igan LCQ electrospray mass spectrometer usecl in this research is an octapole ion

trap mass spectrometer equrppecl with a liquid chromatography system (Figure l.l9).

Figure 1.19. Finnigan LCQ mass spectrometer

The intemal schematic arrangement of the Finnigan LCQ mass spectrometer (LCQ) is

represented in Figure 1.20. The LCQ is considerably more sensitive (low-picomole range)

and easier to use when compared with the ZAB. The mass range for analysis is also higher

(50-4000 Da) with a mass accuracy of about 0.01%. This capability of analysing molecules

of considerable size is also due to the fact that the electrospray technique can exhibit multiply

charged states, which then can be interpreted. Other capabilities of the LCQ are its MS"

function, zoom scanning and on line liquid chromatography options. This makes the LCQ an

ideal tool for the analysis of large biological molecules at minimal quantities.
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Figure 1.20. Schematic diagram of the LCQ

Electrospray (ES) ionisation is a soft ionisation process that is capable of producing intact

ions, with multiple charges, from remarkably large, complex, and fragile parent specieses. The

ES technique involves the application of a high voltage electric fîeld to a flow of sample

liquid within a heated capillary. The capillary is generally held at 4000V, resulting in a spray

of charged droplets, As the droplets evaporate, their surface density increases until the forces

due to electrostatic repulsion approach equality with those due to surface tension. Extreme

instability results, sometimes called a 'Coulomb explosion', which produces an array of

daughter droplets that also evaporate until they too 'explode'. This process continttes until the

ultimate droplets contain only one solute molecule. As the last of the solvent evaporates from

the droplets, the solute molecules produce a series of free ions (Figure 1.21) that retain the

charge. The free ions are then passed through the octapole region into the ion trap.

Multiply charged ions often result from peptides using the ES ionisation technique. Multiply
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charged ions are resolved through a process known as a Zoomscan-. This technique allows the

m/z vah,rcs of the isotopes of the multiply charged ions to be determined. The molecular

difference between the isotope peaks is inversely proportional to the charge state of that

particular envelope. For example, for an isotopic difference of 0.5 Da the charge state of that

envelope would be +2. For a difference of 0.25 Da the charge state would be 14, and so on.

Sample
molecule Build up of static charge as

droplet decroases in size

\

/

.¿ \r Coulombic

\
explosion

/

?
I

Charged
molecular

ion
Charged
droplet

Acc e I e rated ev apo ration
by gas flow and heat

Figure 1.21. Electrospray ionisation mechanism

The ion trap is the mass analyser of the LCQ. The ion trap is comprised of three electrodes

and a central ring electrode, each of a hyperbolic cross section, forming a chamber in which

the ions are confined (Figure I.22)ee. Application of a radio frequency (rf) voltage to the ring

electrode establishes an electric field in which the force of an ion is proportional to its

distance from the centre of the trap. This allows ions of appropriate m/z to have stable

trajectories within the device and to be trapped for many seconds. For the recording of a mass

spectrum, the amplitude of the rf voltage is increased. This causes ions of increasing m/z to

become unstable. At this point, they are ejected in mass sequence from the trap through

perforations in the end cap and recorded by the detector as a mass spectrum.

'ZoomScan is a feature of the LCQ that allows a high resolution scan over a narrow mass window (-10 amu).

With this high resolution scan it is possible to resolve quadruply-charged ion clusters with molecular weights of

up to 8000ba. ZoomScan is particularly useful to cleanly resolve multiply charged peptide ions obtained from

electrospray ionisation analysis.
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Figure 1.22. Representation of an lon trap and the simulation of ion trajectories within the trap

Fragmentation of the chosen ions is carried out by collisional activated dissociation (CAD)100.

The ion trap contains helium at a pressure of lx10-3 Torr. The purpose of this gas is to act as a

damping gas for ions injected into the trap, act as the collision gas when performing CAD by

resonance excitation of a precursor ion, and to improve the general performance of the trap'

An ion of interest is firstly isolated within the ion trap, with the internal energy increased such

that it undergoes a series of rapid collisions with the helium gas. A succession of

fragmentations resultlot. The MS2 spectrum is obtained as the resulting daughter ions are then

sequentially ejected from the ion trap and detected. MS'experiments involve the same process

except the CID is repeated. For example, one of the resulting daughter ions of interest is

further isolated and collisionally activated and the granddaughter ions are then scanned, and

so on. Theoretically, this process can continue until there are no more ions to collisionally

activate.

In most instances, the experiments in this research were carried out under automatic gain

control (AGC), where the instrument performs a short prescan before each analytical scan.

This is so the appropriate ionisation time is set, and the trap filled with the appropriate number

of ions for each scan regardless of the concentration of the eluting anal¡e.
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1.3f. Peptide sequencing

The sequences of all the peptides presented in this thesis were characterised predominantly by

analysing their characteristic mass spectral fragmentations in the positive mode. The peptide

fragmentation is initiated by the collision activation of the chosen peptide, as described

earlier. In the positive mode, several characteristic fragmentations of linear peptides are

possible. For sequencing purposes however, simple B and Y-12 cleavage ions are used'o2. The

B and Y+2 cleavage ions are used, as they generally are the most abundant fragmentations

observed within the applied conditions. Simple B cleavage ions give sequence information

from the C{erminal end of the peptide, andY+2 cleavage ions (which include proton transfer)

give sequence information from the N-terminal end (Figure 1.23). This sequencing technique

applies for experiments conducted both on the ZAB and the LCQ mass spectrometers' The

foremost limitation of this technique is that it cannot distinguish certain isomeric and isobaric

amino acid residues within the peptide sequence. These residues include the isomers Ile (113

Da) and Leu (113 Da), and the isobars Lys (128 Da) and Gln (128 Da). The isomers Ile and

Leu are distinguished using automated Edman sequencing techniques, while the isobars Lys

and Gln are distinguished by enzy.me digestion (specifically Lys-C digestion) experiments

and/or automated Edman sequencing.

H
N

N
H

Y

H
N

OHHzN

H
N

o

B cleavage

o

Y + 2 cleavage

R4

B

o
H
N

HåN

R2 o

HzN

Figure 1.23. Characteristic fragmentations of linear peptides in the positive mode.
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All automated Edman sequencing was performed by a standard procedure using an applied

Biosystem 470A sequencer equipped with a 9004 data analysis modu1e10'. The peptides were

dissolved in aqueous acetonitrile and absorbed onto a disc of immobilon film treated with

bioprene in ethanol. The disc was perforated to aid the flow of solvent. Automated Edman

sequencing allows the peptide primary sequence to be determined by the sequential removal

of amino acids from the N-terminal end of the peptide. There are some limitations to this

technique. Peptides with blocked N-terminal ends, for example a peptide containing

pyroglutamate as the first residue, cannot be sequenced in this manner, since the blocked

group prevents coupling with one of the reagents. Uncommon or modified amino acids are

also unable to be detected by automated Edman sequencing. Furthermore, as the peptide is

sequentially cleaved, its size decreases and it becomes more soluble and risks being washed

from the solid support, losing the remaining portion of the peptide before full sequence

information is gained.

Enzyme digestion experiments together with mass spectrometry have also been employed in

the research described in this thesis in order to obtain further sequence information. Enzyme

digestion is particularly useful when the peptide is quite large and difficult to sequence by

collision activation alone. Enzyme digestion of the peptide results in smaller fragments that

are then sequenced by mass spectrometry. The primary digest used for the research described

in this thesis is Lys-C, since the majority of the larger peptides studied generally contain at

least one lysine residue. Cleavage occurs at the carboxyl side of the lysine residue (Figure

r.24).
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Figure 1.24. Lys-C digestion
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1.3g. G-terminal end group determination

The C-terminal end groups of the peptides were identified following their conversion into

metþl esters. The resulting metþl esters were then analysed by mass spectrometry. The mass

of the parent ion of the metþl ester minus that of the mass of the original peptide allows the

determination of the number of COrH and CONH2 groups in the peptide. For example, an

amide group will show an increase of 15 Da on methylation, and an acid group will show an

increase of 14 Da as outlined in Figure 1.25.

o

H
N

MeOH/H* - HzN*"rl
16 Da

H
N

HzN OMe

31 Da
oR2o

oo

HzNHzN

R2

H
N

OMe

31 Da

o R2 o R2

Figure 1.25. Determination of the C-terminal end groups by methylation.

1.3h. Preparation of synthet¡c peptides

Many of the new peptides described in this thesis were synthesised in order to have sufficient

material available for biological testing. Peptide synthesis was undertaken by Chiron

Mimotopes (Clayton, Victoria) using L-amino acids through the standard N-a-Fmoc

proceduretoa. Each synthetic peptide was checked that it was identical with the native peptide

by both HPLC analysis and mass spectrometry'

The masses of all peptides and their corresponding fragments are recorded as nominal'

H
N

orl
17 Da

MASSES,

' The nominal mass of a peptide is equal to the sum of the integral masses of the amino acid residues.
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CHAPTER 2. lnvestigation of Bioactive Peptide

Development in the Tadpole Gycle of

Litoria splendida

2.1. Introduction

2.1a. General

Adult anurans have well-developed defence mechanisms that protect them against host

invasions by microorganisms. Some of these mechanisms include non-specific physical and

chemical barriers, highly specific cell mediated responses, and immune mechanisms involving

antibacterial peptidest. Of these various defence mechanisms, the skin and the secretions

released from the skin glands are vital in protecting the anuran from bacterial and fungal

growth-. As described in section 1.2b, there are two types of skin glands in anurans: mucosal

and granular. Each tlpe of gland is located near the surface and connected to it via nanow

ducts, with both glands being under the control of sympathetic nerves2.

As indicated previously, anuran granular glands are a rich source of biologically active

peptides. Structurally, the glands are made up of large multi nucleated cells containing a

cytoplasm filled with large rice shaped granules'. These granules store many biologically

active peptides, usually antibiotic peptides and neuropeptides. These are discharged on

breakdown of the plasma membrane and delivered to the surface epithelium through a duct'

Discharge occurs following stressful stimuli or direct injury to the skina. The granules

containing the biologically active peptides also undergo osmotic lysis on contact with the

water bathing the skin surfaces. A hydrophobic gel interspersed with peptides and hormones is

therefore produced covering the skin, along with an endopeptidase that inactivates the

peptides some time after secretion6. A system such as this, which produces abundant

antibiotics from the epithelium covering the external skin, demonstrates a vertebrate that

'The skins of amphibians that had been detoxified died from skin infections within a few days.
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invests its epithelial surfaces with cellular equipment designed to deliver highly-localised

concentrations of broad-spectrum antibiotics. Almost every microbe that is exposed to the

concentration of antibiotic released will be killed t. The epithelium not only serves as a

physical barrier, but as an actively defensive barrier capable of killing potent microbial agents.

Anurans in their larval stages (tadpoles) lack the presence of glands within their skin prior to

metamorphosiss'n. Their larval skin consists of a thin doubled layered epidermis and a thin

dermis. This is replaced in adult skin by granular glands formed during metamorphosis-. The

epithelium in the tadpole therefore appears to be very important in serving as a physical

barrier to predators, but with the glands absent, the actively defensive properties are

unknown2. This is interesting, as tadpoles appear to be resistant to pathogenic microorganisms

and fungal growth at virtually all stages of developmentl0. However, the source of this

acquired immunity in tadpoles is currently unknowns. Are peptides with antibacterial

properties involved in the immunity observed in larval premetamorphic and postmetamorphic

tadpoles? Past studies by various researchers have indicated that peptides are present during

and after metamorphosistt. However, to date there has been no evidence indicating the

presence of any active peptide material before metamorphosis. The following examples

summarise the type of research carried out previously to investigate this phenomenon.

Seki et a/. studied the development of glands producing caerulein in tadpoles of the African

anuran Xenopus laevis, using immunohistochemistry, HPLC fluorometric systems and

radioimmunoassayn. Immunohistochemistry, a technique that involves the specific

immunoreactivity of antibodies targeted towards a particular compound, was used to observe

the initial appeffance of caerulein in the developing granular glands. HPLC fluorometry and

radioimmunoassay were used to determine the concentration of caerulein in the extracts of

Xenopus skin during metamorphosis. The results indicated that caerulein was first detected at

the beginning of metamorphosis, during the development of the granular glands. The

concentration of caerulein increased from that point onwards as the overall development of

the tadpole proceeded. No trace of caerulein was found prior to metamorphosis.

' Metamorphosis involves the remodeling of almost every tissue within the amphibian in response to thyroid

hormone
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Clark et al. investigated the expression of an antibacterial peptide, named ranalexin, from the

skin of an American bullfrog Rana catesbeianøt'. This research was carried out by a screening

technique directed towards the messenger ribonucleic acid (mRNA) sequence, encoding for a

particular form of ranalexin. Ranalexin mRNA was targeted as it encodes the amino acid

sequence for the production of the peptide ranalexin. If ranalexin is present within the larval

tissue, the mRNA will also be present. The mRNA screening technique is quite sensitive and

is known as northem blot anaþsis (Figure 2.1).

Restriction enzyme

mRNA strand mRNA fragments

+

Electrophoretic gel

Replication of
electrophoretic gel

Blotting filter
Position of mRNA

fragment complementary
to radioactive probe

- -: : -----

Radioactively labelled

mRNA probe

Figure 2.1. Northern Blotting. The mRNA from the sample is isolated and digested by one or more

restriction enzymes. Resulting fragments are separated by size on an electrophoretic gel and then

blotted onto a specially prepared filter. Therefore, the filter contains a replica of the fragments on the

gel. The mRNA fragments are then deactivated, attached and exposed to a radioactive probe. The

radioactive labelled probe is a short segment of mRNA labelled with a radioactive isotope. The filter is

then treated and washed by a special process, which then reveals the location of the fragments

complementary to the probe. The fragments are then purified ready for further analysis.
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The results showed that ranalexin mRNA could not be detected in premetamorphic tadpoles,

but it was present in the skin of tadpoles undergoing metamorphosis. It was concluded that

ranalexin mRNA appeared as an abundant gene product in tadpole skin at metamorphosis, and

continued to be expressed within the skin into the adult stage of development. This implied

the presence of the peptide ranalexin during metamorphosis and in those stages following

metamorphosis. The analytical technique used in this research was effective, but it was only

targeted towards one specific amino acid sequence. No analysis was directed towards the

detection of a broad range of peptide material before metamorphosis. Therefore no

information is available as to the presence of other peptides before metamorphosis in this

particular species.

Reily et al. conducted research using similar principles and techniques to that of Clark et al.

Reily et a/. investigated the expression of magainin and PGLa. peptides from the skin of

Xenopus laevis 2. Again, the results indicated that the peptides were only present during and

after metamorphosis. However, the research was also only targeted towards a specific form of

peptides (in this case two specific forms) for this particular species. To date, no broad

screening for peptide material in premetamorphic tadpoles has been carried out. This raises

the question as to how the tadpole is protected from microbial pathogens prior to

metamorphosis.

The primary aspect of this research was to consider the possibility that biologically active

peptides may be present within the larval skin and contribute to the immunity of the tadpole.

This research was intended to investigate this possibility, and to examine whether peptide

development could be monitored throughout the developing stages of a particular species of

anuran. Litoria splendida was chosen for this study.

' pGLa is an abbreviation for peptide with amino-terminal glycine and carboxy-terminal leucinamide
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2.1b. Litoria sPlen dida

Litoria splendida (Figure 2,2)is one of the largest tree frogs in Australia, measuring about 12

crn in lengthr3, and is located in the Kimberley region of Western Australia (Figure 2.3)'

Secretions containing peptide material can be obtained from the large glands clistributed

around the front and back of the head. These enlarged (hypertrophied) glands are known as

the rostral and parotoid glands, Litoria splendida was chosen for this study as the glandular

secretio¡ has already been investigated and the skin peptides have been iclentifiedra. The skin

peptide profile of Litoria splendida is also the simplest observed for the genus Litoria studied

to date. All of the peptides isolated from this species have been tested for biological activity.

Figure 2.2. Litoria sPlendida
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I

Figure 2.3. Map of Australia indicating the location of Litoria splendida

Distribution indicated by the black region'

Previous analysis of the crude skin secretionof Litoria splendidaby HPLC, indicated 5 major

peptide fractions (4, B, C, D, and E) and 2 minor peptide fractions (F, G) to be present within

the secretion (Figure 2.4).

The structures of the peptides isolated from the adult secretion were determined by classical

mass spectrometry methods. The structural details of these peptides are listed in Table 2.1.

One of the major peptide fractions (A) was identified as the known neuropeptide caerulein. As

described in section 6.2d, caerulein is a known hypotensive toxin already isolated from the

closely related species Litoria caerulea". Caerulein is a very active analgaesic with an activity

several thousand times higher than that of morphinelu. Caerulein also has an extremely

powerful action on the muscular wall of the gall bladder and demonstrates a very strong

stimulus to the gastrointestinal tract. The properties of caerulein have allowed it to be used

clinically for procedures such as treating cholecystography and postoperative paralysis of the

gastrointestinal tractl7. The other peptides were named as indicated in Table 2' 1.
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Figure 2.4. HPLC chromatogram from the crude skin secretions of Litoria splendida

(As taken in 1991 by Sfone et at.ta¡. * Non peptide material.

200

Sequence

30

HPLC fractionPeptide MW

Caerulein

Caerin 1.1

Caerin2.1

Caerin 3.1

Caeridin 1.1

Caerin 1.1.1

Caerin 1.1.2

1354

2582

2392

2382

1140

2412

2299

pEaDY(SO3)TGWM DF(N H')

G LLSVLGSVAKHVLPHWPVIAEH L(N H,)

GLVSSI G RALGGLLADWKSKGOPA(OH )

GLWQKI KD KASELVSG IVEGVK(N H,)

GLLDGLLGTLGL(NH,)

LSVLGSVAKHVLPHWPVIAEH L(N H,)

SVLGSVAKHVLPHWPVIAEH L(N H,)

A

B

c

D

E

F

G

Table 2.1. Primary structures of the skin peptides isolated from Litoria splendida.
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Some of the caerin peptides listed in Table 2.1 exhibit potent antibacterial activity. For

example, caerin 1.1 was tested against the microorganisms listed in Table 2.2. The results

showed caerin 1.1 to be a wide spectrum antibiotic. The MIC results are recordedínTable2.2.

Gaerin 1.1

MIG (pg/ml)
Gaerin 2.1 Gaerin 3.1

Bacillus cereus
Escherichia coli
Leuconostoc lactis
Listeria innocua
Micrococcus /ufeus
P a ste u re I I a h ae m olyti c a

Pasteurella multocida
Staphylococcus aureus
Stap hyl ococcu s e p id e rm id i s
Stre ptococcu s faecal i s
Streptococcus ubers

<o.4

25

Table 2.2. Antibacterial activity of caerins I .1,2.1 and 3.1 . Where there is no figure listed the MIC

value is > 100 pg/ml.

The three-dimensional structure of caerin 1.1 has been determined by nuclear magnetic

resonance (NMR) studiesr8. The NMR experiments have shown the solution structure of

caerin 1.1 to be that displayed in Figure 2.5, which indicates the amphiphilic nature of this

peptide. Caerin 1.1 is a membrane active antibacterial peptide, with the hydrophobic and

hydrophilic regions being clearþ defined within the three-dimensional representation. This

peptide shows to have two helices separated by a complex central hinge around Prots. The

effect of proline in forming hinges or kinks in cr-helices is well knownle. The hinge region of

caerin 1.I assists this basic peptide with the efficient interaction of different types of bacterial

membrane surfaces, particularly those containing an excess of anionic residues. Replacement

of either one or both proline residues with alanine or glycine increases the overall helicity of

caerin 1.1, but significantly reduces the antibacterial activity of this peptide. This indicates the

importance of the hinge regions within caerin 1.1. The glandular secretions of Lftoria

splendida also contain endopeptidases that degrade caerin 1.1 after it has been on the skin for

several minutes, forming the inactive peptides caerin 1 . I . 1 and caein I .l '2 '
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Figure 2.5. Three-dimensional structure of caerin 1.'1

Caerin 2,1 is active against Pasteurella haemolytica and caerin 3.1 is active against

Micrococcns luteus, however, both peptides are not active against the other test organisms

listed in Table 2.2. Caeridin 1.1 shows no antibacterial activity. It was of interest to determine

whether any of the peptides, listed in Table 2.1, are present in the tadpoles of Litoria

splendida prior to metamorphic climax.

2.1c. Development cycle ol Litoria splendida

The arnphibian development cycle of Litoria splendida has been divided into 46 stages of

development (Figure 2.6)'0,Metamorphic climax is the most spectacular stage. It is at this

stage that the aquatic tadpole loses its tail and transforms into a terrestrial adult that has fully

developed limbs18. Initial formation of granular glands also takes place during

metamorphosis. The development cycle of Litoria splendida is complete within 13 weeks.

The aims of the work presented in this chapter are threefold

(i) To monitor the tadpole (larval) development cycle of Litoria splendida for the

production of PePtides.

(ii) To investigate whether any peptides are present before metamorphosis in this

particular species.

(iii) To investigate whether the peptides, if present, appear in a specific order'
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Figure 2.6. Simplified representation of the stages of developm ent of Litoria splendida larvae'

55



- Resu/fs and Discussion - Chapter 2

2.2. Results and Discussion

2.2a. General

Specimens of Litoria splendida were obtained from the Kimberley region of Western

Australia. Several specimens were collected in t994, averaging 12 cm in length, and have

been kept in captivity ever since. The skin secretion containing peptide material was obtained

from the rostral and parotoid glands by the SES method. The amphibian was held while its

skin was moistened with distilled water and mild electrical stimulation induced the release of

the skin secretion. This process could be repeated without harm to the amphibian, on a

monthly basis. On average about 70 mg of peptide material was obtained from the milking of

each adult anuran.

The HPLC chromatogram (Figure 2.7), derived from 3 mg of crude peptide material,

identified an extra peptide within the skin secretion of Lftoria splendida to those identified by

Stone et at.la. This is due to the fact that the HPLC separation of peptides using the VYDAC

C,, column, as used in this research, is superior to that produced previously for the adult

Litoria splendida using a Brownlee Aquapore RP-300 analytical column. This enhanced

resolution has resulted in the isolation of a component not detected in the previous study' This

component was identified as caerin 1.6 (structural details of this peptide are recorded in Table

2.4), an antibacterial peptide also present in the skin secretions of the related species Litoria

xanthomera and Litoria chloris2l' 2' 
.

The peptides shown in Figtxe 2.7 were identified by fast atom bombardment mass

spectrometry (FAB MS). Excluding the peptide fraction representing that of caerin 1.6, the

molecular weights of the remaining peptide fractions obtained indicated the peptides were

identical to those discovered 8 years ago by Stone et al.1a. On average, each milking produced

10 mg of caerulein, 0.15 mg of caerinl.l.2,0.4 mg of caerin 1.1.1, I mg of caeridin 1.1, 9 mg

of caerin 3.l,4mg of caerin2.l,2mgof caerin 1.6 and 18 mg of caerin 1.1.
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100
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Figure 2.7. HPLC chromatogram from the crude skin secretions of Litoria splendida
(See Experimental section for details).

Anurans are seasonal breeders and reproduction depends heavily on temperature, day length,

moisture and atmospheric pressuret'. As fertilisation occurs in water, rainfall in tropical

environments may serve as the final trigger of reproductive behaviour. Breeding can be very

difficult when the anuran is in captivity. This problem was overcome by injecting two Litoria

splendida anurans, which were chosen as the breeding pair, with a hormone known as

luteinising hormone releasing hormone (LHRH)'. V/ithin 24 hours of the hormone injection,

approximately 9000 eggs spawned with the majority successfully fertilised. The fertilised

eggs were sampled almost immediately. Sampling of the larval stages was then continued

frequently usually twice a week over a period of 13 weeks. During the initial stages of

development the material derived from the whole tadpole was analysed. This crude material

continued to be monitored until the tadpoles were large enough for just the skins to be

analysed.

' LHRH induces ovulation and prepares the eggs within the female for fertilisation. This hormone also sexually

excites the male and in doing so initiates the breeding process.
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2.2b. Structu re determ i nation

The structures of the peptides isolated were determined by a combination of FAB mass

spectrometry, metþlation and enzymic sequencing procedures. FAB MS was used to

determine the molecular weight of each peptide. Each peptide was metþlated and analysed

by FAB MS to determine the C-terminal end group. The molecular weight of each resulting

metþl ester was then determined by FAB mass spectrometry. Additional structural

information was obtained by cleaving the peptides using a Lys-C enzyme digest. The chosen

peptide fragments were then collisionally activated and sequenced by their resulting MIKE

spectra.

2.2c.lsolation of peptides from larval Litoria splendida

With such a high frequency of sampling, many HPLC separations were performed, which

produced alarge quantity of analytical chromatograms (summarised in Table 2.3)' The first

significant result was obtained when the tadpoles were 10 days old.. At this stage the tadpole

had just left its embryonic stage and was in the process of losing its gills. The HPLC

chromatogram taken at this stage (Figure 2.8) indicated a peak with a retention time of 14.3

minutes, which matched that of caerulein, as found in the adult. Co-injection of the tadpole

sample with a synthetic sample of caerulein confirmed the peak found at this particular stage

as being caerulein. At this stage, about 5 ng of caerulein was estimated per tadpole (total

weight of tadpole, 6 mg).

Age is dated from the onset of fertilisation'
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Figure 2.g. HpLC chromatogram derived from whole specimens of larval Litoria splendida (10 days

otã¡, in comparison with the á¿ult titoria sptendida chromatogram. * Non peptide material.
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The next significant observation was made when the tadpoles were 14 days old. At this stage,

the gills of the tadpoles had been lost and their front limbs were beginning to develop. The

HPLC chromatogram taken at this stage (Figure 2.9) indicated the appearance of 3 new peaks

with retention times of 25.0, 23.8 and 225 minutes. These retention times match those of

caerin 1.1, caerin 2.I andcaerin 3.1 respectively. Peptides [total weight of tadpole (average,

12mg)l: approximately 30 ng (caerulein),35 ng (caerin 3.1), 10 ng (caerin 2.1),15 ng (caerin

1.6) and 40 ng (caerin 1.1) were isolated at this stage from six tadpoles.

The peptide showing a retention time of 25 minutes, which was suspected to be caerin 1.1,

was purified by HPLC and anaþsed by FAB mass spectrometry. The molecular weight

obtained was 2582 Da, which matched that of caerin 1.1. Metþlation experiments together

with FAB mass spectrometry indicated a primary amide C-terminal end group for this peptide.

Further structural information was gained by specifically cleaving the peptide at lysine (Lystt)

using a Lys-C digest. This yielded two smaller peptide fragments that were detected by FAB

mass spectrometry as having molecular weights of 1043 and 1558 Da.

The collisional activation MS/lvIS spectrum of the fragment ion MH* 1043 is shown in Figure

2.10. The mass spectrum shows considerable background noise, but was still the best

obtainable considering the minute quantity of material used, and the type of mass

spectrometer used for this measurement. Information gained from the B and Y+2 fragment

ions established the structure of the enzyme digest fragment ion as being Gly Leu Leu Ser Val

Leu Gly Ser Val Ala Lys (OH).
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Figure 2.9. HpLC chromatogram derived from whole specimens of larval Litoria splendida (14 days

oÈ¡, in comparison with the adull Litoria sptendida chromatogram. * Non peptide material.
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Ser Val Ala LYs
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640

tlll
Leu Val Ser Leu Leu Gly

Figure 2.10. CA MS/MS of the peptide fragment ion MH* 1043. The sequence above the spectrum is

determined by the B fragmentations, while underneath is the sequence determined by the Y+2

fragmentations.

The collisional activation MS/IMS spectrum of the other fragmentation ion of MH. 1558 is

shown in Figure 2.11. Information gained from the B andY+z cleavages determined His Val

Leu Pro His Val Val Pro Val Ile Ala Gtu His Leu OTHr) as the structure of this fragment ion.

This allowed fulI structural determination of the parent peptide, confirming it to be

structurally identical to caerin 1.1 already isolated from the adult Litoria splendida. The

structural determination methods used in this example were applied for all the peptides

isolated from the larval extracts. Details for each peptide are summarised in Table 2.4.
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Figure 2.11. CA MS/MS of the peptide fragment ion MH* 1558. The sequence above the spectrum is
determined by the B fragmentations, while underneath is the sequence determined by the Y+2
fragmentations.

At this stage of development (14 days after fertilisation), the tadpoles were large enough for

the skins to be removed. The HPLC chromatogtam derived from the skin samples is shown in

Figure 2.12, together with the previous HPLC chromatogram derived from the whole tadpole

at exactly the same stage. The two HPLC chromatograms appeared to be identical indicating

that the peptide material represented by these peaks is present within the skin. From this stage

onwards, just the skin samples from the tadpoles were analysed.

- Resu/fs and Discussion - Chapter 2

Hl. Val Val Pro Val llo Ala Glu Hls Leu (NH2)

l56A

The final significant observation was made when the tadpoles were 84 days old. At this stage

the tadpoles were going through metamorphosis: their tails had started to regress and their

front and hind limbs were nearly fully developed. The HPLC chromatogram taken at this

stage (Figure 2.13) indicated the appearance of 3 new peaks with retention times of 19.6, 19.0

and20.4 minutes. These retention times match those of caerin 1.1.1, caerin 1.1.2 and caeridin

1.1, as found in the adult. Peptides fweight per metamorph skin (average, 12 mg)]:

approximately 2 ¡t"g(caerulein), 60 ng (caerin 1.1.2),80 ng (caerin 1.1.1), 70 ng (caeridin 1.1),

3 pg (caerin 3.1), 1 ¡rg (caerin2.l),0.5 pg (caerin 1.6) and 3 pg (caerin 1.1) were isolated at

this stage from six tadpoles. In comparison, the two HPLC chromatogtams of the larval

Litoria splendida (84 days old) and adult Litoria splendida were identical. Mass spectrometry

analysis confirmed the peptides represented by the two corresponding chromatograms to be

identical.

2

aa3
447
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Figure 2.12.HplC chromatogramderivedfromtheskinsamplesof larval Litoriasplendida (14days

où¡, in comparison with the HpLC chromatogram derived from whole specimens of larval Litoria

sptendida (14days old). . Non peptide material.
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Stage* Maturityt No.Î Weights

(ms)

Peptides isolated during the various stages of

development

C c1 .1 c2.1 c3.1 cl .6 c'l .1 .1 c1'1'2 cdl .1

Whole

tadpole

Skin

only

{
{
{
{¿{{{

{J{{{{
{{{{{

{
{
J
J
J
{
{
{

{

{

{

,f

7.2

7.6

18

23

35

38

47

55

I
68

10

74

11

72

l0
75

11

14

20

20

21

90
25
28
28

33

140

38

40
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50

170
53

58

70
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200
86

115
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6

6

6

6

6
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Table 2.3. Summary of the analytical HPLC chromatograms taken during the development cycle of

Litoria sptendida. * étages of development, as represented in Table 2.1. t Maturity represented as days

after feúilisation. t Number of specimens used for analysis. s Total tissue weight of specimens used for

analysis. C = caerulein, c1.1 = caerin 1.1,c2.1= caerin 2.1,c3.1= caerin 3.1, c1.6 = caerin 1.6, c1.1.1

= caerin 1.1.1, c1.1.2 = caerin 1.1.2 and cd1.1 = caeridin 1.1.
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Gaerin 1.1 [MH.25821

Methylation gives a methyl ester, MH. 2611 (one CO2H and one CONH2 group)

Lys-C digestion gives MH. 1043 and 1558

MH.1043 'B ions' m/z 1025,897,826,727,640,
MS/MS 583,470,371

[Val, Leu Gly Ser Val Ala LYs (OH)]

'Y+2 ions' m/z 1043,986, 873, 760, 673, 574,461

[Gly Leu Leu Ser Val Leu]

Sequence Gly Leu Leu Ser Val Leu Gly Ser Val
Ala Lys (OH)

MH. 1558 'B ions' m/z 1541, 1428,1291, 1162,1091,

MS/MS 978, 879, 782,683,584,447

[His Val Val Pro Val lle Ala Glu His

Leu (NH')

'Y+2 ions' m/z 1558, 1421, 1322, 1209, 1112

[His Val Leu Pro]

Sequence His Val Leu Pro His Val Val Pro Val lle
Ala Glu His Leu (NH,

Full sequence of caerin 1.1, as determined from mass spectrometricand automated Edman

data is:

Gly Leu Leu Ser Val Leu Gly Ser Val Ala Lys His Val Leu Pro His Val Val Pro Val lle Ala

Glu His Leu (NH')

Gaerin 2.1 [MH.23921

Methylation gives a methyl ester, MH. 2435 (one COrH and two CONH, groups)

Lys-C digestion gives MH. 1823 and 587

MH. 1823 'B ions'

MS/MS

'Y+2 ions'

Sequence

m/z 1805, 1677, 1577, 1478, 1 364,

1293, 1 180, 1067, 1010, 953, 840

[Leu Gly Gly Leu Leu Ala AsP Val Val
Lys (OH)

m/21823,1766, 1653, 1553, 1466,

1379, 1266, 1209, 1 053, 982, 869

[Gly Leu Val Ser Ser ]le GIY Arg

Ala Leul

Gly Leu Val Ser Ser lle GIY Arg Ala

Leu Gly Gly Leu Leu Ala AsP ValVal

Lys (oH)

Table2.4. MS data for peptides isolated from larval Litoria splendida.
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Gaerin 2.1 [MH. 23921 (Gontinued)

MH. 587 'B ions' m/z 569, 498, 401,273,216
MS/MS [GlY Gln Pro Ala (OH)

'Y+2 ions' m/2587,500,372,315
[Ser Lys GIY]

Sequence Ser Lys Gly Gln Pro Ala (OH)

Full sequence of caerin 2.1, as determined from mass spectrometric and automated Edman

data is:
Gly Leu Val Ser Ser lle Gly Arg Ala Leu Gly Gly Leu Leu Ala Asp Val Val Lys Ser Lys Gly

Gln Pro Ala (OH)

Gaerin 3.1 [MH.23821

Methylation gives a methyl ester, MH'2425 (one COrH and two CONH2 groups)

Lys-C digestion gives MH* 1529 and 871

MH. 1529 'B ions' m/21511,1383, 1284,1227,1098,
MS/MS 999,886, 829,742

[Ser Gly lle Val Glu Gly Val Lys (NH')]
'Y+2 ions' m/z 1529, 1413, 1285, 1214, 1127,998,

885, 786, 699

[Asp LYs Ala Ser Glu Leu Val Ser]

Sequence Asp Lys Ala Ser Glu Leu Val Ser Gly
lle Val Glu GIY Val LYs (NHr)

MH.871 'B ions' m/2853,725,612,484,356
MS/MS [Gln LYs lle LYs (OH)]

'Y+2 ions' m/z 871, 813, 700, 514, 386

[Gly Leu TrP Gln]
Sequence Gly Leu Trp Gln Lys lle Lys (OH)

Full sequence of caerin 3.1, as determined from mass spectrometric and automated Edman

data is:
Gly Leu Trp Gln Lys lle Lys Asp Lys Ala Ser Glu Leu Val Ser Gly lle Val Glu Gly

Val Lys (NH')

Gaerin 1.6 [MH.25911

Methylation gives a methyl ester, MH. 2620 (one CO'H and one CONH, group)

Lys-C digestion gives MH. 1061 and 1549

MH. 1061 'B ions' m/21043,915,844,745,674,617,
MS/MS 504, 405, 318,171

[Phe Ser Val Leu GIY Ala Val Ala
Lys oH)l

'Y+2 ions' m/z 1061, 1004, 891,744,657, 558

445,388,317,218
lGly Leu Phe Ser Val Leu GIY Ala Vall

Sequence Gly Leu Phe Ser Val Leu Gly Ala Val

Ala LYs (OH)

Table2.4. (Continued)
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Gaerin 1.6 [MH.259f ] (Gontinued)

MH. 1549 'B ions' m/21532,1419,1291,1162,1091,978,

MS/MS 879,782,683,584

[ValVal Pro Val lle Ala Glu

Lys Leu(NHr)l

'Y+2 ions' m/z 1549,1412,1313, 1200,1103, 966,

867,768,671,572

[His Val Leu Pro His Val Val Pro Val]

Sequence His Val Leu Pro His ValVal Pro Val lle
Ala Glu Lys Leu (NHr)

Full sequence of caerin 1.6, as determined from mass spectrometric and automated Edman

data is:

Gly Leu Phe Ser Val Leu Gly Ala Val Ala Lys His Val Leu Pro His Val Val Pro Val lle Ala

Glu Lys Leu (NHr)

Gaerin 1.1.1 [MH.24121

Methylation gives a methyl ester, MH. 2441(one CO,H and one CONH2 group)

Lys-C digestion gives MH. 1558 and 872

MH. 1558 'B ions' m/z 1541, 1428, 1291, 1162, 1091 ,

MS/MS 978, 879, 782,683, 584, 447

[His Val Val Pro Val lle Ala Glu His

Leu (NHr)

'Y+2 ions' m/z 1558, 1421, 1322, 1209, 1112

[His Val Leu Pro His]

Sequence His Val Leu Pro His Val Val Pro Val lle

Ala Glu His Leu (NHr)

MH' 872 'B ions' m/z 854,726,655, 556, 469, 412

MS/MS [GlY Ser Val Ala LYs (OH)]

'Y+2 ions' m/z 872,758,671, 572, 459, 402

[Leu Ser Val Leu GIY]

Sequence Leu Ser Val Leu GIY Ser Val

Ala Lys (OH)

Full sequence of caerin 1.1.1, as determined from mass spectrometric and automated

Edman data is:

Leu Ser Val Leu Gly Ser Val Ala Lys His Val Leu Pro His Val Val Pro Val lle Ala Glu His

Leu (NHr)

Table 2.4. (Continued)
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Gaerin 1.1.2 [MH.22991

Methylation gives a methyl ester, MH. 2328 (one COrH and one CONH, group)

Lys-C digestion gives MH. 1558 and 759

MH. 1558 'B ions' m/z 1541, 1428, 1291, 1162, 1091 ,

MS/MS 978, 879, 782,683, 584, 447

[His Val Val Pro Val lle Ala Glu His

Leu (NH')I

'Y+2 ions' m/z 1558, 1421, 1322, 1209, 1112

[His Val Leu Pro His]

Sequence His Val Leu Pro His ValVal Pro Val lle
Ala Glu His Leu (NH,

MH. 759 'B ions' m/2741, 613, 542,443,356, 299, 186

MS/MS [Val Ala LYs His Ala LYs (OH)]

'Y+2 ions' m/2759,672,573,460,403,316,217

[Ser Val Leu Gly Ser Val]

Sequence Ser Val Leu Gly Ser Val Ala Lys

His Ala Lys (OH)

Full sequence of caerin 1.1.2, as determined from mass spectrometric and automated

Edman data is:

Ser Val Leu Gly Ser Val Ala Lys His Ala Lys His Val Leu Pro His Val Val Pro Val lle Ala Glu

His Leu (NHr)

Gaeridin 1.1 [MH. 11401

Methylation gives a methyl ester, MH. 1169 (one CO2H and one CONH2 group)

MH. 1 140 'B ions' m/z 1122, 1009,952, 839, 738, 681,

MS/MS 568,455

[Leu Leu Gly Thr Leu GIY Leu (NHr)]

'Y+2 ions' m/21140,1083,970,857,724,685,572

[Gly Leu Leu AsP GIY Leu]

Sequence Gly Leu Leu Asp Gly Leu Leu Gly Thr
Leu Gly Leu (NHr)

Full sequence of caeridin 1.1, as determined from mass spectrometric and automated

Edman data is:

Gly Leu Leu Asp Gly Leu Leu Gly Thr Leu Gly Leu (NHr)

Table2.4. (Continued)
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2.2d. Gonclusions

The peptides found during the larval development cycle of Litoria splendida have been

detected in the specific order summarised in Table 2.5.

Stage Days from fertilisation Morphology Peptide/s detected

21

24-25

10

14

Tadpole had just past the

embryonic sfage.

Gills beginning to be /osf.

Gills had been lost.

Front limbs beginning to
be developed.

Tadpoles starting to go

through metamorphosis.
Tails regressing, and
front and hind limbs
nearly fully developed.

caerulein

caerulein
caerin 1.1

caerin 2.1

caerin 3.1

caerin 1.6

42 84

Table 2,5. Summary of results

The metamorphic and adult forms of Litoria splendida store the procaerulein and procaerin

peptides in their rostral and parotoid glands, and it is from these glands that the active

caerulein and caerins are released when required. However, it has been shown that the

neuropeptide caerulein is first detected 10 days into the development cycle of Litoria

splendida,with the antibacterial peptides first detected at 14 days'

caerulein
caerin 1.1

caerin 2.1

caerin 3.1

caerin 1.6

caerin 1.1.1

caerin 1.1.2
caeridin 1.1
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The fact that peptide material has been shown present before metamorphosis is interesting. It

is interesting because: (i) the granular glands within the skin of Litoria splendida are only

developed during metamorphosis and (ii) in the past, it has been assumed that amphibians

need these storage glands in order for the peptides to be present within the skin. The

mechanism/s by which these active peptides are being formed and liberated within the tadpole

are currently uncertain.

Although these peptides were detected at the stages indicated, it may not necessarily mean

that they are definitely absent prior to these stages. Peptide material may be present a lot

earlier than detected. This assumption may be plausible, as the peptide material is present in

only very small amounts during the early stages of development. Since the peptides are

present in only minute quantities early in development, they may therefore be undetectable by

the analytical methods used in this research-. In conclusion, peptide material has been detected

before metamorphosis for this particular species. If there are no peptides produced during the

beginning of the development cycle of Litoria splendida, the defence mechanisms that are

protecting the tadpoles against microbial pathogens are yet to be determined'

'No pair oÍ Litoria sptendida has been induced to breed since these initial experiments. Consequently, further

expeiiments using a recently obtained LGQ mass spectrometer have not been possible in the reinvestigation of

this reproductive cycle between egg deposition and the 1Oth day of tadpole development.
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2.3. Experimental

2.3a. Gollection and preparation of adult Litoria splendida secretions

The skin secretions ftom Litoria splendida were provided courtesy of Associate Professor

Mike Tyler, Department of Environmental Biology, University of Adelaide. The secretion

was obtained by the SES method, using a C.F. Palmer student model electrical stimulator

attached with a bipolar electrode of 21G platinum. Litoria splendida was held by the back

legs, while its skin was moistened with distilled water, and rubbed gently with the electrode in

a circular method using pulse duration of 2 milliseconds at 10V. The skin secretion was

washed from the amphibian with distilled water and collected into a plastic container. An

equal volume of methanol was added to the solution. The resulting solution was centrifuged,

with the supernatant liquid removed and filtered through a Millipore 0.45 ¡rm filter. The

solution was then concentrated under vacuum.

2.3b. Gollection and preparat¡on of larval Litoria splendida samples

Lawal Litoria splendida were provided courtesy of Associate Professor Mike Tyler,

Department of Environmental Biology, University of Adelaide. Each member of the breeding

pair of Litoria splendida was injected subcutaneously with luteinising hormone releasing

hormone (10 pl in 0.1 ml of normal saline) into the dorsal lymph sac. The pair accomplished

amplexus an hour from injection of the hormone, and commencing 6 hours from injection, the

female deposited about 9000 eggs. The majority of the eggs were fertile. Developing tadpoles

were kept in groups of about 100 within shallow, aerated,5 litre tanks, with the temperature

maintained at28"C. Dechlorinated tap water in the tanks was changed daily.
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Samples were collected almost immediately after fertilisation, with collection being continued

at3-day intervals until the end of the developing cycle. Initially 12 tadpoles were collected at

a time. After 3 weeks from fertilisation, the sample size was decreased to 6 tadpoles from that

point on.

The samples v/ere worked up ready for HPLC separation in the following manner. The

tadpoles were frozen in liquid nitrogen and allowed to defrost. Once thawed a pair of fine

tipped forceps was used to remove the skins, except during the early stages of development

when the tadpoles were ground up whole. To this material a solution of HrO/lVIeOH (1:1) was

added (25 ml). The solution was centrifuged, the supernatant liquid removed and filtered

through a Millipore 0.45 pm filter. The resulting solution was then concentrated under

vacuum.

2.3c. HPLC separat¡on

HPLC separation was achieved for each sample using a VYDAC C6 Protein and Peptide

(21STP54) reverse phase column equilibrated with l0o/o acetonitrile/ aqueous 0.1% TFA.

Each lyophilised sample was dissolved in deionised water (25 ¡ú) and injected onto the

column. The elution profile increased from 10-70%o acetonitnle over a period of 30 minutes

using a flow rate of 1 mVmin.

2.3d. Methylation of pept¡des

Purified peptide (ca 5-10 pg) in deionised water (a0 ¡rl) was lyophilised in an Eppendorf tube.

'Acidified methanol'. was added, and the resulting mixture heated at 45"C for 30 minutes'

The solvent was removed in a stream of nitrogen and the solid product analysed by FAB mass

spectrometry.

'The'acidified methanol'was prepared by adding methanol (858 rrl) to a 1Oml screw top test tube. This was

cooled in dry ice for 5 minutes, acetyl clrloride (a2 pll was added under nitrogen, the test tube sealed and

cooled again in dry ice for 5 minutes. The solution was allowed to warm to 20'C over a period of t hour, flushing

with nitrogen every 1Smin. The reagent was stored at-4C for a maximum of 5 days'
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2.3e. Enzyme digestion using Lys-G

Lyophilised peptide (ca 5¡tg) was added to an Eppendorf tube and dissolved in deionised

water (5 pl). An aqueous ammonium hydrogen carbonate (0.1M, 1 pl, pH:8) buffer solution

and endoprotease Lys-C (0.5 pl) was then added. The resulting solution was incubated at

45oC for 15 minutes and then analysed by mass spectrometry.

2.3f. Mass spectrometry analysis

The molecular weights of the individual peptides were determined by FAB mass spectrometry

with a Vacuum Generators ZAB 2HF mass spectrometer, and collisionally activated mass

analysed kinetic energy spectra (CA MIKES) of MH* ions were used to provide sequencing

data. The mass spectrometer was equipped with an ion FAB gun using an argon beam with a

source pressure of 10-6 Torr. The samples rwere mixed with glycerol and 1,4-

dithiothritol/erythritol (DTT/DTE) matrices on the probe tip before inserting the probe into

the FAB sogrce. CA MSA{S were obtained by focussing the magnetic sector to transmit the

ion of interest; the ions were collisionally activated in the second collision cell [containing

argon at a pressure of 2x10-u Torr (equivalent to single collision conditions)1. The electric

sector was then scanned to produce CA MS/l\dS. All of the peptides described were analysed

in the positive mode. FAB spectra for molecular weight determination, including the products

from methylation experiments and enzyme digestion were obtained by scanning the magnet

over a mass range from m/z 500-3000, using a mass resolution of 1500. CA MSi\dS

experiments were performed using a mass resolution of 300-500.
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2.3g. Antibacterial testing

The Microbiology Department of the Institute of Medical and Veterinary Science (Adelaide,

Australia) carried out antibacterial testing. The method used involved the measurement of

inhibition zones (produced by the applied peptide) on a thin agarose plate containing the

microorganisms under study. The method follows a standard testing procedure2o.

2.3h. Preparation of synthetic pept¡des

Peptides were synthesised commercially (by Chiron Mimotopes, Clayton, Victoria, Australia)

using L-amino acids through the standard N-cr-Fmoc method2s. Each s¡mthetic peptide was

shown to be identical with the natural peptide bV (i) electrospray mass spectrometry, (ii)

automated Edman sequencing, and (iii) co-elution of the synthetic and natural peptides on

HPLC.

2.3i. Automated Edman sequenc¡ng

Sequences that contained the isomeric residues Ile or Leu, or the isobaric residues Lys or Gln,

were further analysed by automated Edman sequencing. Automated Edman sequencing was

performed by the Department of Biochemistry, University of Adelaide, using an applied

Biosystem 4T}Asequencer equipped with a 9004 data analysis module.
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CHAPTER 3. Three-Year Peptide Profiling of Male

and Female Litoria sPlendida

3.1. lntroduction

3.1a. General

During the course of studying Litoria splendida, it has been noticeable that the peptide

profiles between specimens vary from time to time. The variation is only slight and not

always obvious. Consequently, it seemed appropriate to further investigate this occurrence,

and in particular, to determine whether there is arty vanatíon between the peptide profiles of

the male and female adults of Litoria splendida at different times of the year. A peptide that is

present in only one sex of an anuran has not yet been reported. The existence of such a peptide

would be extremely interesting, as it could be a sex pheromone. V/ith the exception of a

suspected alarm pheromone in a particular species of tadpole, there has been no report or

identification of a pheromone from an anurant. Most pheromones found in terrestrial animals

tend to be volatile in nature. However, although Litoria splendida is primarily a tree frog, it

moves to an aquatic environment during the mating season. This is the likely time when a

water-soluble sex pheromone would be most needed. Therefore, a peptide that is both non-

volatile and water soluble, could act as a sex pheromone for this particular vertebrate. Litoria

splendida was an ideal species for this research as it has been studied extensivef' '. The

HPLC peptide profile for this species is also ideal to monitor, as it is not overly complicated,

allowing any subtle variations to be noticed more easily. Since any variations could possibly

be occurring seasonally, it seemed reasonable to monitor the HPLC peptide profile monthly

over a three-year period.

The aims of the research presented in this chapter are:

(i) To monitor the peptide profiles regularly within a group of adult male and female

Litoria splendida over a three-year period.

(iÐ To isolate and characterise any new peptides discovered as a result of this research.
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3.2. Results and Discussion

3.2a. General

Skin secretions were obtained separately from both male and female adult groups of Litoria

splendida once a month over a total period of thirty-seven months. Peptide profiling was

achieved by anaþsing each crude secretion by HPLC. The results from each chromatogram

were then tabulated with particular attention being focussed on any subtle changes between

peptide profiles. The work-up procedure and HPLC analysis followed immediately after the

secretion was collected from each specimen. This was due to the fact that most peptides

derived from the skin secretions of adult specimens of Litoria splendida degrade within a

period of 10-30 minutes. An endopeptidase is the likely cause of this degradation, as it has

already been shown that the caerin 1 antibiotic peptides are degraded by an endopeptidasea.

The magnitude of degradation, within the skin secretions of Litoria splendida adults, can be

seen when comparing the HPLC chromatograms taken from a secretion that has been left

untreated for 45 minutes (Figure 3.1) to one that has been worked-up and analysed

immediately after collection from the skin (Figure3.2)'

From a total of seventy-six HPLC chromatogram traces, taken over a three-year period, some

distinct variations within the peptide profiles were found. These variations can be divided into

two main categories:

(i) The discovery of seasonal variations within the caerulein region of the peptide profile in

both the males and females.

(ii) The discovery of two additional peptides within the male secretion that are not present in

the secretion of the female
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{00

20

10 30

Time (min)

Figure 3.1. Chromatogram of the HPLC separation of a crude skin secretion analysed 45 minutes after

beìng obtained from tñe skin glands of an adult Litoria sptendida specimen. (See Experimental section

for full details).
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Figure 3.2. Chromatogram of the HPLC separation of a crude skin secretion analysed immediately

aftãr being obtained from the skin glands of an adult Litoria sptendida specimen. (See Experimental

section for full details).
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3.2b. Seasonal variation of the caerulein reg¡on

Investigation of the peptide profiles from Litoria splendida male and female adults over the

three-year period led to the observation of an intriguing pattern. On closer examination, the

peptide with retention time of 16.7 minutes, which represented that of caerulein (Figure 3.3),

appeared to fluctuate in abundance in a series of cycles. A new peptide, with a retention time

of ß.4 minutes and not observed before within the peptide profile of Litoria splendida, also
ø pl?o'ved

sbe'¡,,€¿+o-emergp at particular periods. The appearance of this new peptide was very specific

as it emerged only during certain months of the year. The structure of the new peptide was

identified by ESMS. Positive ion ESMS determined the molecular weight of the peptide to be

m/z 1368. Negative ion CA MS/I4S of the parent ion (Figure 3.4) showed a pronounced loss

of 80 Da, indicating the loss of a sulfate (SOr) group. A combination of methylation

experiments and positive ion CA MS/IUS of the parent ion (Figure 3.5) determined the

structure of this peptide to be pGlu Gln Asp Tyr (SOr) Thr Gly Trp Phe Asp Phe (NHr). Full

structural determination details are recorded in Table 3.1. The peptide was named Phes-

caerulein, as it corresponds to the structure of caerulein, except that the Phe8 replaces the Met8

residue.

100

20

10 20

T¡me (m¡n)

30 40

Figure 3.3. Chromatogram of the HPLC separation of crude skin secretions taken from Litoria

sflendida. Secretion taken during the month of July (winter season). (See Experimental section for full

details).
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-SO¡

I
1286

Figure 3.4. Negative ion CA MS/MS of [M-H]- (m/z 1366\ ion of Phes-caerulein. Note the loss of 80 Da'

(See Experimental section for full details).
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Figure 3.5. Positive CA MS/MS of the [MH. -SO3] ion of Phes-caerulein (m/z 1288). The sequence

above the spectrum is determined by the 'B' fragmentations, while underneath is the sequence

determined by the 'Y+2'fragmentations. (See Experimental section for full details).

The cyclic fluctuation of the abundance of both caerulein and Phes-caerulein appeared to

co11espond together with the seasonal changes throughout the year. For example, over the

entirety of the three-year period of this research, Phe8-caerulein was not produced throughout

the majority of the year within the secretions of either the male and female adults of Litoria

splendida. At the same time however, caerulein was present in considerable abundance. In

contrast, Phes-caerulein appeared during the winter periods (June-August) at which time the

abundance of caerulein was reduced. This phenomenon is summarised in Figures 3.6 and3.7.

Asp
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81996t1997¡1998tr1999
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Figure 3.6. Relative abundance of Phes-caerulein over a three-year period withrn male and female

Liloria sptendida secretions. Legend shows the correspondrng year in which the peptide was

monitored. * Denotes the wrnter months.
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Figure 3.7. Relative abundance of caerulein over a three-year period within male and female Litoria

sftendida secretions. Legend shows the corresponding year ¡n which the pept¡de was monitored.
* Denotes the winter months.
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Gaerulein [MH. 1352]

Methylation gives a methyl ester, MH* 1362 (one pGlu, one Tyr (SO.), two COrH and two

CONH, groups). NB: Should observe MH' 1442 after methylation. However, the SO.

functionality is cleaved from the tyrosine in acidic conditions.

MH. 1352 'B ions' m/z 1335, 1 188, 1073, 942,756

MS/MS [TrP Met AsP Phe (NHr)]

'Y+2 ions' m/z 1352, 1241, 11 13, 998, 755, 654,

597

Sequence [pGlu Gln Asp Ty(SO') Thr Gly]

Negative ion CA MS/MS gives predominantly tM-Hl' 1350 and 1270, indicating a

pronounced loss of 80 Da (SO.).

Full sequence of Caerulein as determined from mass spectrometric data is:

pGlu Gln Asp Ty(SO.) Thr Gly Trp Met Asp Phe (NHr)

Phes-Gaerulein [MH* 1368]

Methylation gives a methyl ester, MH. 1378 (one pGlu, one Tyr(SO.), two COrH and two

CONH2 groups). NB: Should observe MH. 1458 after methylation. However, the SO.

functionality is cleaved from the tyrosine in acidic conditions.

[MH. -SO3] 1288 'B ions' m/z 1271,1124,1009, 862

MS/MS [Phe AsP Phe (NH')]

'Y+2ions' m/z 1288, 1177,1049, 934,771, 670,

613,427

Sequence [pGlu Gln Asp Tyr Thr Gly Trp]

Negative ion CA MS/MS gives predominantly tM-Hl- 1366 and 1286, indicating a

pronounced loss of 80 Da (SO.).

Full sequence of Phes-Caerulein as determined from mass spectrometric data is:

pGlu Gln Asp Ty(SO3) Thr Gly Trp Phe Asp Phe (NHr)

Table 3.1. MS data for peptides isolated from the caerulein region of the Litoria splendida secretion
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3.2c. Additional peptides in the adult male Litoria splendida skin secretions

Seventy-six skin secretions from male and female adults of Litoria splendida were obtained

monthly and analysed by HPLC and ESMS over a three-year period. Two minor components

were found present only within the male secretion. These two minor components are always

present in the male secretion but absent in the female secretion. This can be seen by

comparing the partial HPLC profiles of the skin secretions of the adult male with that of the

female (Figure 3.8). Structural anaþsis revealed that one of the two peptides was a known

peptide. The peptide with retention time of 28.9 minutes is caerin 2.3, while the other peptide
'læ ,

with a retention time of 30.4 minutes is a new peptide that was named caerin 1.10. Øollision

activation -ur, .p".t,ä'tnfS¡VSl of the [M+2H]2* ion of caerin 2.3 (m/z 1183) is shown in

Figure 3.9, and the CA MS/\4S of the [M+2H]2* ion of caerin l.l0 (m/z 1288) is shown in

Figure 3.10. Full structural determination details are summarised in Table 3.2.

I

Time (min) Time {rnin}

Figure 3.8. Partial HPLC chromatograms of the skin secretions of a, male and b, female Litoria splendida.

(See Experimental section for full details).
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Figure 3.9. CA MS/MS of the [M+2H]2* ion of caerin 2.3 (m/z 1 183). The sequence above the spectrum

is determined by the 'B'fragmentations, while underneath is the sequence determined by the 'Y+2'

fragmentations. (See Experimental section for full details).
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Figure 3.10. CA MS/MS of the [M+2H]2. ion of caerin 1.10 (m/z 1288). The sequence above the

spãctrum is determined by the'B'fragmèntations, while underneath is the sequence determined by the

'Y+2' fragmentations. (See Experimental section for full details).
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The abundance of caerin 2.3 tluctuates regularly throughout the tltree-year period. The

corcentration of caerin 2.3 peaked during the breeding season of Litoria splendida (January-

March) and decreased tenfold during the period June to November, as summarised in Figure

3.11. Caerin Ll0 remained constant in abunclance throughout the three-year periocl of this

research.
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Figure 3.11. Relative abundance of caerin 2.3 over a three-year period within male Litoria splendida

se-cretions. Legend shows the corresponding year in which the peptide was monitored. * Denotes the

breeding period of Litoria splendida.
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Gaerin 2.3 [MH. 23641

Prominent [M+2H] 
2* 1183 also present in spectra.

Methylation gives a methyl ester, MH. 2407 (two COrH and one CONH2 group).

[M+2H]. 1183 'B ions' m/21993,1865, 1778,1650, 1551,

MS/MS 1452,1337,1266,1153, 1040,983,

926, 813,742,614, 557, 444

flle Gly Lys Ala Leu Gly Gly Leu Leu Ala

Asp ValVal LYs Ser LYs -(OH)l

'Y+2 ions' m/z 2095, 2008, 1921, 1808, 1751,
1623, 1552, 1439, 1382, 1325, 1212,

1099, 1028,913, 814, 715, 587, 500,
372

[Ser Ser lle Gly Lys Ala Leu Gly Gly Leu

Leu Ala Asp ValVal LYs Ser LYsl

Sequence Ser Ser lle Gly Lys Ala Leu Gly Gly Leu

Leu Ala Asp Val Val Lys Ser Lys -(OH)l

Lys-C digestion gives MH* 760 and 587.

MH.760 'B ions' m/2742,614,557,444,357,270

MS/MS [Ser Ser lle GIY LYs (OH)]

'Y+2 ions' m/2760,703,590, 491,404,317,204

[Gly Leu Val Ser Ser lle]

Sequence Gly Leu Val Ser Ser lle Gly Lys (OH)

MH. 587 'B ions' m/z 569, 498, 401,273,216

MS/MS [GlY Gln Pro Ala (OH)]

'Y+2 ions' m/2587,500,372,315, 187

[Ser Lys GIY Gln]

Sequence Ser Lys Gly Gln Pro Ala (OH)

Full sequence of Caerin 2.3 as determined from mass spectrometric and automated Edman

data is:

Gly Leu Val Ser Ser lle Gly Lys Ala Leu Gly Gly Leu Leu Ala Asp Val Val Lys Ser Lys Gly

Gln Pro Ala (OH)

Litori a s ple nd id a secretions.Table 3.2. MS data for the additional peptides isolated only from male
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Gaerin 1.10 [MH.25731

Prominent [M+2H] 
2* 1288 also present in spectra.

Methylation gives a methyl ester, MH.2602 (one COrH and one CONH2 group)'

[M+2H]. 1288 'B ions' m/z 2315,2186, 2115, 2002, 1903,

MS/MS 1806, 1707 , 1608, 1471, 1374, 1261 ,

1 162, 1025, 897, 826, 727, 640, 583

[Gly Ser Val Ala Lys His Val Leu Pro His

Val Val Pro Val lle Ala Glu- (NHr)l

'Y+2ions' m/z 2203, 2104, 1991, 1934, 1847,
1748, 1677, 1549, 1412, 1313, 1200,
1 103, 966, 867, 768,671

[Val Leu Gly Ser Val Ala Lys His Val Leu

Pro His Val Val Prol

Sequence Val Leu Gly Ser Val Ala Lys His Val Leu

Pro His Val Val Pro Val lle Ala Glu- (NHr)

Lys-C digestion gives MH* 1043, 1437 and 1549.

MH.1043 'B ions' m/z 1025,897, 826, 727,640,

MS/MS 583'470

[Leu Gly Ser Val Ala LYs (OH)]

'Y+2 ions' m/z 1043,986, 873, 760,673,574,461

[Gly Leu Leu Ser Val Leu]

Sequence Gly Leu Leu Ser Val Leu Gly Ser Val
Ala Lys (OH)

MH. 1549 'B ions m/z 1532, 1419, 1291, 1162, 1091 , 978,

MS/MS 879,782,683,584,447

[His Val Val Pro Val lle Ala Glu LYs

Leu (NHr)l

'Y+2 ions' m/z 1549, 1412, 1313, 1200, 1103, 966,

867,768, 671,572

[His Val Leu Pro His Val Val Pro Val]

Sequence His Val Leu Pro His ValVal Pro Val lle

Ala Glu LYs Leu (NHr)

Full sequence of Caerin 1 .10 as determined from mass spectrometric and automated Edman

data is:

Gly Leu Leu Ser Val Leu Gly Ser Val Ala Lys His Val Leu Pro His Val Val Pro Val lle Ala

Glu Lys Leu (NHr)

Table 3.2. (Continued)

90



- Resu/fs and Discussion - Chapter 3

3.2d. Biological activity determination

The biological activity of caerulein as a powerful neuropeptide has been known for some

time, and it has been applied medically as a muscle relaxant in various clinical procedures 5.

Phes-caerulein is present in both male and female Litoria splendida. This is a new peptide not

reported from any other biological system, as indicated by searches of various peptide and

protein database libraries. Phes-caerulein is likely to be a potent neuropeptide. Unfortunately,

this peptide is very difficult to synthesise, since synthetic preparations lack the sulfate group.

This appears to be lost following removal of the peptide from the resin support. Consequently,

neuropeptide activity testing has not been possible for Phes-caerulein to this time. The

biological testing work is being continued by the group of Professor Vittorio Erspamer (La

Sapienza, Rome) but to this time, they have also been unable to synthesise Phes-caerulein.

The first peptide only found in the male secretion was caerin 2.3. This is a known peptide,

already isolated from another Australian tree frog, Litoria caerulea, a species closely related

to Litoria splendida. Caerin 2.3 was tested against a tange of microorganisms using a MIC

test, as shown in Table 3.3. The results were negative; caerin 2.3 is not an antibacterial agent.

The second peptide, found only in the male secretion, has been named caerin 1.10. This new

peptide shows significant wide spectrum antibacterial activity (Table 3.3).

Peptide Reference Sequence Antibacterial activity

caerin 2.3
caerin 1.10

c2.3
c1.10

GLVSS I GKALGGLLADWKSKGQPA (OH)

GLLSVLGDVAKHVLPHWPV I AEKL (NH,)
inactive
active

c2.3
MIG (pg/ml)

c1.10

Bacillus cereus
Escherichia coli
Leuconostoc lactis
Listeria innocua
Micrococcus luteus
Pasteurella multocida
Staphylococcus aureus
Sta phy lo co ccu s e p¡ de rm ¡ d ¡ s

Sfrepfococcus uberls

6
50
25
100

100

50

Table 3.3. Antibacterial activities of caerin 2.3 and caerin 1.10 from male Litoria splendida.lnactive in

this context means the activity is > 100 ¡rg/ml. Where there is no figure listed the MIC value is > 100

¡rg/ml.
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3.2e. Gonclusions

This research has revealed some interesting biological patterns within the skin secretions of

adult Litoria splendida. The discovery of the new peptide Phes-caerulein (which shows

analogy with caerulein and is thought to be a neuropeptide) is of interest because of its

seasonal fluctuation. Litoria splendida, in its natural habitat hibernates during the winter

season. Consequently, the fact that this peptide appears during the winter months, and yet

disappears from the skin secretion for the remainder of the year, may possibly imply that its

role is directly related to temperature regulation. Previous research has implicated that certain

neuropeptides can indirectly regulate the control of thermogenesis in mammals and

amphibians u. Neuropeptides that influence the levels of galanin (GAf) and nitric oxide

synthase (NOS) can also effect the temperature regulation of an anuran. For example, the

results of an experimental protocol involving amphibians have shown a temperature regulated

expression of GAL and NOS in the hypothalamus and preoptic areas of the CNS of the toad,

suggesting that GAL and NOS may effect hibernation in these animalsu. Since Litoria

splendida has a hibemation period during the winter months, this formation of Phes-caerulein

during the winter period might possibly relate to its role in thermogenesis during the

hibernation period of this animal.

The discovery of caerin 2.3 and caerin 1.10 within the skin secretions of only the males of

Litoria splendida is intriguing, particularly the observation of the cycling pattern of caenn2.3.

The increase in concentration of caerin 2.3 occurs during the breeding cycle of this species.

The concentration of caerin 2.3 ís at a maximum during January to March (breeding period of

Litoria sptendida) and a minimum throughout the months of May to November. This suggests

the possibility of a relationship between caerin 2.3 and the reproductive cycle of this animal'

The role(s) of caerin 2.3 and, caerin 1.10 need to be further investigated. This has been done

using behavioural studies specifically targeted towards the possibility of pheromone activity,

and is reported in Chapter 4.
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3.3. Experimental

3.3a. Gollection and preparation of male and female Litoria splendida secretions

The skin secretions from male and female Litoria splendida were provided courtesy of

Associate Professor Mike Tyler, Department of Environmental Biology, University of

Adelaide. The secretions were obtained by the SES method, as described in section 2.3a. The

resulting secretion was washed off the skin with water (distilled 25 ml). Methanol (25 ml) was

immediately added to the aqueous extract, the mixture centrifuged, and concentrated to

approximately 1 ml. Samples were taken separately from both male and female adult groups

of Litoria splendida once a month over a total period of 37 months.

3.3b. HPLG separat¡on

HPLC separation was achieved for each sample using a VYDAC C,, Protein and Peptide

(218TP54) reverse phase column equilibrated with 70o/o acetonitrile/ aqueous 0.1% TFA.

Additional purification was achieved using an elution profile of 40-650/o acetonitrile over a

period of 60 minutes. Each sample was filtered through a Millipore 0.45 ¡rm filter and injected

onto the column. The conditions for the various HPLC chromatograms represented in this

chapter are as follows:

Figure 3.1. The elution profile increased from 10-70o/o acetonitile over a period of 30 minutes

using a flow rate of 1 mVmin. The crude secretion was diluted in deionised water (500 pl), left

untreated for a period of 45 minutes before being injected onto the column, and analysed.

Figure 3.2. The elution profile increased from 10-70% acetonitrile over a period of 30 minutes

using a flow rate of I mVmin.

Figures 3.3 and 3.8. The elution profiles increased from 10-75o/o acetonítnle over a period of

40 minutes using a flow rate of 1 ml/min.
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3.3c. Mass spectrometry analysis

Electrospray mass spectra were determined using a Finnigan LCQ ion trap mass spectrometer.

The samples were dissolved in methanoVwater (1:1) and infused into the electrospray source

at a flow rate of 8 pl/min. Collision activation mass spectral data in positive mode were

obtained using collision energy of 35o/o.In the negative mode, a collision energy of 45% was

used. Electrospray conditions were as follows: source voltage 4.2kY, source current 17 ¡tA,

capillary temperature 200"C, capillary voltage 3V and sheath gas flow 30 psi. Mass spectra

were acquired with the automatic gain control on, a maximum ion time of 400 milliseconds,

and using 3 microscans per scan, averaging ovor approximately 20 scans. Molecular weights

of peptides were determined from both MH* or [M+2H]'* ions and [M-H]- ions as appropriate.

3.3d. Additional information

The remaining procedures are identical to those described elsewhere, as detailed in the table

below

Procedure Section in which it is described

Methylation of peptides

Enzyme digestion using Lys-C

Antibacterial testing

Preparation of synthetic peptides

Automated Edman sequencing

Section 2.3d (page74)

Section 2.3e (page 75)

Section 2.39 (page 76)

Section 2.3h (page 76)

Section 2.3i (page 76)
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GHAPTER 4. Litoria splendida behav¡oural studies

4.1. lntroduction

4.1a. Pheromones

Information in regard to the outside world is crucial to every life form. Humans acquire this

information primarily through sight and sound. Many creatures on the other hand rely on

chemical signals as their predominant source of information concerning the world around

them. These chemical signals may be messages that come from other organisms or events in

the environment 1. The ability to sense and respond to chemicals is vital for species as diverse

as seaweeds, grapevine moths and house mice t. Even bacteria respond to certain chemicals,

enabling them to move towards amino acids and away from toxic compounds'.

One very important group of these chemical signals is the pheromones, which are the signals

that members of a species use to communicate with one another t. The word pheromone was

originally derived from the Greek words pherin (to transfer) and hormon (to excite) 4.

Pheromone research first began in the late 19'h century on a particular species of silk moth 5. It

was shown that the female moths could attract the male of their species, sometimes over

distances of several kilometres 6. By the 1930s, researchers had determined that this attraction

was due to minute quantities of volatile chemical compounds discharged by the female moth

and detected by the male in his antennae '. The first pheromone was discovered and isolated

by the German organic chemist, Aldolf Butenandt. His research, which began in the late

1930s, lasted 20 years and finally led to the identification of the sex pheromone of the female

silkrrorm moth (Bombyx mori) '' 
t. From half a million moths, Butenandt and his co-workers

managed to obtain 6.4mg of the purified pheromone. The pheromone, which they named

bombykol, was ( 1 0,E, l2Q-hexadececadien- 1 -ol (Figure 4' 1 )'
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Figure 4.1 . (1 O E, 1 2Z)-Hexadececad ien- 1 -ol (bombykol )

The discovery of bombykol generated an interest by researchers worldwide in learning the

chemical structures and functions of other pheromones, as this was an exciting new area of

research that combined chemistry, biology and behavioural studies.

4.'lb. Pheromone categor¡es

Pheromones are generally active in minute quantities. They may evoke a behavioural response

as a single compound or a complex mixture a. In either case, the complex of compounds or the

single compound is a pheromone if it stimulates a behavioural reaction in the receiving

organism(s) 8. This behavioural response is dependent on the type of signal or message that

the pheromone is carrying. Some different categories of pheromones are listed (Table 4.1),

together with the kind of behavioural reactions that they can stimulate.
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Some of the Related Behavioural Responses

Reco gnitio n P h er o mo nes Recognize individual organisms of the same species.

Recognize the physiological or social status ofthe species.

Recognize the organism's own home, nest or home range.

A ggr egation P heromones Aggregate others to afood source.

Aggregate others to a suitable habitat that is to be colonized'

Regulate the activities of some social insects.

Important role in the parent-young relationships ofvertebrates

Dispersion Pheromones Maintsin optimal separation between individuql organisms.

Maintain separation between territorial social groups.

Cause dispersion of threatening situations (Alarm Pheromones).

Counteract the influence of aggregalion stimuli when aggregation is

inappropriate.

Aggression Pheromones Induce aggression in the more dominant organisms when they

perceive the odour of subordinates.

Sex Pheromones Stimulate reactions in the opposite sex that either direcþ or indirectly

enhance the likelihood that mating will occur, thereþre promoting

reproduction.

Table 4.1. Some pheromone categories.

4.1c. Alarm pheromones

Alarm pheromones are used in communication systems that usually operate over very small

distances and for short periods of time 6. These kinds of pheromones are released by

organisms that may be injured or that perceive a threatening situation, causing a dispersion of

any nearby organisms of the same species 4'6. Alarm pheromones have been found present in a

varrety of vertebrate and invertebrate animals u. An example is the alarm pheromone of the

common sea anemone, Anthopleura elegantissima n. If the anemone is wounded or threatened

by a predator, it produces an alarm pheromone that warns neighbouring anemones of the same

species of the danger. An anemone that receives this signal instantly protects itself' It shakes

its tentacles, pulls them into its mouth cavity, and closes its mouth, all in less than three

seconds. 'When the alarm signal is no longer present, the anemone opens and resumes its
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normal activities within about two hours '' 
n. The pheromone responsible for this message was

named anthopleurine (Figure 4.2), andwas the first ionic pheromone to be reported.

HO
ct 3

+
GHg cooH

H30H

Figure 4.2. Anthopleurine (as the chloride)

4.1d. Sex pheromones

Sex pheromones are chemicals that are secreted by organisms of one sex and cause

behavioural reactions in the opposite sex that facilitate mating u. Of all pheromone types, sex

pheromones have been the most extensively studied. Organisms that use this type of

pheromone may exhibit a variety of reactions to it. These reactions fall into two main

categories:

(i) Reactions that lead to aggregation near the pheromone source.

(iÐ Reactions that lead to close-range courtship or direct sexual behaviour.

For most organisms to date, there is a trend that the female releases the aggregation-inducing

pheromone in order to attract the male 6. Usually, the male approaches the female following

an aeial odour trail (or the aquatic equivalent) to her vicinity, as previously shown in the

example of the female silkworm moth (Bombyx mori). In a few animal species however,

females have shown be attracted to pheromone releasing malesto' tt'

Hc
l

N

l

c
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4.1e. The pheromone commun¡cat¡on system

A tlpical communication system consists of three components:

(Ð A mechanism for message emission.

(iÐ A medium for message transmission.

(iiÐ A mechanism for message reception.

In reference to pheromone communication, the emitting mechanism usually involves a

glandular organ associated with a specialized mechanism that transfers the chemical

molecules into the surrounding medium u. The types and locations of pheromone glands found

in insects and mammals vary considerably. Most of the pheromone glands found in insects

and mammals are constituted of modified epidermal glands t'. The gland may consist of a

single layer of cells on the exterior of the organism, or may be complex and associated with

internal reservoirs u.

The medium used for transmission is either air or water, and is dependent on the lifestyle of

the organism and the medium in which it lives. Pheromones are transmitted and dispersed

throughout the water/air by diffusion and passive transport. Diffusion involves the random

movement of molecules, and is important for the distribution of pheromones when the

medium is not flowing. Diffusion rates in water are a lot slower than those in air, and are

dependent on the rate of release of pheromone and the overall molecular concentration.

Passive transport, however, is attributed to the movement or flow of the medium. Since air

and water are rarely static the medium is usually flowing'

Pheromone reception is usually perceived by a process known as olfaction-. The exact

mechanism for olfaction is quite complex, but it is generally understood that the receptors for

olfaction in both vertebrates and invertebrates are quite similar in structure. They primarily

consist of a series of specialized sensory neurons extending into either a cavity or sensory

fibres t'. A layer of liquid film surrounds these extended neurons 14. In both vertebrates and

invertebrates the pheromones must be absorbed into this liquid bathing the neurons, and then

move to the receptor sites within the neurons by diffusion 15. Pheromones may therefore be

considered as molecular ligands that bind to receptors in the olfactory sensory neurons, giving

rise to the sensory response tu.

Olfaction refers to the sense of smell
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4.1f. Pheromones in amphibians

Compared to insects and mammals, very little is known about pheromones of non-mammalian

vertebrates. Of these, the fish pheromones have been the most extensively studied. Even

though there is little known about pheromones in amphibians and reptiles, the alarm reaction

of some anuran tadpoles has been recognized o, ffid one sex pheromone has been discovered

in a particular ureodole species tt.

The alarm reaction of tadpoles of the toad Bufo bufo was first observed in the 1950s when

crushed B"fo b"fo tadpole was brought near a tadpole school of that same species. A strong

alarm reaction resulted that was thought to be due to a pheromone. The tadpoles closest to the

extract became disturbed and swam further away, while the neighbouring tadpoles avoided the

region that was occupied by the crushed tadpole. The effect of the extract was shown to

diminish within two minutes. The experiments also showed that the olfactory organ perceived

the alarm substance, as tadpoles that had their olfactory nerves transected no longer

responded. The mystery of the origin of this alarm pheromone remains, since there are no skin

glands present in tadpoles prior to metamorphosis.

The sex pheromone, sodefrin, was isolated from the cloacal gland of the male red-bellied

newt, Cynops pyrrhogaster.It demonstrated female attraction, which rù/as rare and was shown

to be species specific. Sodefrin, a decapeptide (Figure 4.3), was the first and only amphibian

pheromone identified and the first and only peptide pheromone identified in a vertebrate to

date.

Ser Ile Pro Ser Lys Asp Ala Leu Leu Lys (OH)

Figure 4.3. Sodefrin
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Anurans are amphibians, and therefore they could have both terrestrial (volatile) and aquatic

(water-soluble) pheromones. Since anurans may breed in aquatic conditions, and deposit their

eggs in water, it is possible that they will produce peptides as water-soluble pheromones. This

proposal has been supported by the identification of sodefrin. Besides this example, no other

peptide pheromone has ever been identified in a vertebrate, and to date no anuran pheromone

has ever been identified.

The aims of the work presented in this chapter are:

(Ð To conduct behavioural studies on Litoria splendida involving caerin 1.10

(iÐ To conduct behavioural studies onLitoria splendida involving caenn2.3
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4.2. Results and Discussion

4.2a. Behavioural studies procedure

Adult specimens of Litoria ,splendida were used for the behavioural study experiments. These

specimens were originally obtained from the Kirnberley region of Western Australia in 1994

and have been held in captivity ever since. The experiment was conducted in a two-metre

glass aquariurn tank to which water was added producing a water depth of approximately

2cm. Two sterile gatJze pads were placecl at opposite ends of the tank as shown in Figure 4.4.

Figure 4.4. Aerial view of aquarium layout. Gauze pads indicated by the two yellow arrows.

Specimens of adult Litoria splendida were placed in the centre of the tank, where they were

left for a period of 5 minutes. This allowed the amphibian to condition itself to the new

surroundings. The aquarium was identical to that in which the animal lived. After this period

of stabilisation, the peptide solution was introduced to only one of the two gauze pads, and at

this point timing began. The movements of Litoria splendida were carefully recorded and

timed for a period of 30 minutes. The amphibian was then removed from the tank and

returned to its original environment. Tcsts were repeated in the same manner using the same

series of samples and concentrations over a total period of 4 weeks to conltrm reproducibility.
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The samples used for this experiment involved the peptides caerin 1.10 and caerin 2.3, which

are present only in the male Litoria splendida. Both the naturally derived peptides and

synthesized ones were used. The synthetic peptides were all made with amino acids in their L-

isomeric form, and were identical in primary structure to the natural peptides. The purity of

the peptides was confirmed by high performance liquid chromatogtaphy and electrospray

mass spectrometry prior to use. Concentrations of peptide within the tank ranged from 10-raM

to 10{M.

4.2b. Behavioural studies of caer¡n 1.10 with female and male Litoria splendida

Caerin 1.10 of varying concentrations was first tested on a series of adult female Litoria

splendida. The results showed random movement on all tests and overall indicated no

significant result.

Caerin 1.10 was also tested on a series of adult male Litoria splendida for comparison. The

results showed some agitation from the males. Overall however, random movement was again

noted. The experiments were repeated over a period of several weeks (see Table 4.2 and Table

4.3). It was determined that caerin 1.10 had no significant result in terms of behavioural

response on either male or female adult specimens of Litoria splendida. This was true at all

concentrations from 1O-ta to 10-6 M of the test substance within the container.

Test Number Gaerin 1.10 Pad Blank Pad

,l

2

3

4

X

X

X

X

X

X

X

X

Table 4.2. Success rate of caerin 1.10 as an attractant on females of Litoria splendida. Experiment

conducted in a series of tests, with the test specimens not being used more than once. / lndicates

test specimen successfully comes into contact with the pad containing the test substance. x lndicates

test specimen does not have any contact with the pad containing the test substance.
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BIank Pad

1

2

3

4

x

X

X

X

X

X

X

X

Table 4.3. Success rate of caerin 1.10 as an attractant on males of Litoria splendida. Experiment

conducted in a series of tests, with the test specimens not being used more than once. / lndicates

test specimen successfully comes into contact with the pad containing the test substance. x lndicates

test specimen does not have any contact with the pad containing the test substance.

4.2c. Behavioural studies of caer¡n 2.3 with female Litoria splendida

Synthetically derived caerin 23 of varying concentrations was tested on a number of adult

females of Lftoria splendida. Results of interest were first observed at 30ng of caenn 2.3,

which produced a total concentration within the container of 10-10 M* and are described as

follows. V/ithin a period of about twenty seconds after the peptide solution containing caerin

2.3 was introduced onto the gaùzepad, a few notable changes occurred. The addition of caerin

2.3 elicited a distinct change in posture and an increased degree of alertness in the anuran

within the 20 seconds of the introduction of the peptide. Within a few minutes, the female of

Litoria splendida approached the peptide saturated gavze pad, sat on it, and remained seated

until removed. This occurred in a series of timed movements as represented in Figure 4.5.

. 
Concentration assuming sample completely dispersed in tank. Actual concentration of peptide in the vicinity of

the anuran is likely to be much less than this.
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a
*

Caerin 2.3 Pad

Blank Pad

.Ò.""'2" 
'-'- - 3-

7" 4

lt 0

Figure 4.5. Schematic representation of the attracting effect of caerin 2.3 on an adult female Litoria

sptendida. Timed movements of the test specimen are numerically indicated: (0) initially on

introduction of test substance; (1) 2 minutes; (2) 3 minutes; (3) 4.5 minutes; (4) 5 minutes; (5) 6.5

minutes.

This is furtl-rer shown below in Figure 4.6

Figure 4.6. Aerial views of an aquarium with an adult female Litoria splendida, demonstrating the

attracting effect to caerin 2.3. (a) immediately after caerin 2.3 has been introduced, the gauze pad

containing caerin 2.3 is shown by the arrow; (b) 3 minutes after introduction of caerin 2.3, female is

moving towards the peptide region; (c) 1.5 minutes after b; (d) 2 minutes after c, female is now

directly on the gauze pad contarning caertn 2.3.
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The fäct that this parlicular amphibian remained on the gauze pad for a considerable period

was unusu al as Litoria splendida, being a tree frog, has a natural tendency to climb up the

sides of the aquarium.

After each test, the aquarium was emptied and thoroughty washed with methanol and distilled

water (see chapter 4.3 for full experimental details). The experiment was performed on a

number of occasions with 6 different females. The success rate was 100% and the average

time from the introduction of the pheromone until the time the female sits on the peptide

contaililg gauze pad was 7 minutes. The end of the aquarium in whioh the test peptide was

i¡troduced was also alter¡ated. In another experiment, the peptide solution containing caerin

2.3 was introduced onto the gaLrze pad at the opposite end of the aquarium to the previotts

example. The female again moved from the centre of the aquarium towards the area

containing the peptide. After exactly 9 minutes the female was directly on top of the gauze

pad. The timed movements of this second example are represented in Figure 4.7.

Caerin 2.3 Pad

Blank Pad

,0
a,

tãIE¡t
,

Figure 4.7. Schematic representation of the attracting effect of caerin 2.3 on an adult female Litoria

sf,tenaida. Timed movements of the test specimen are numerically indicated: (0) initially on

introductron of test substance; (l) 5 minutes; (2) 6 minutes; (3) 7.5 minutes; (4) 8 minutes; (5) 8'5

minutes; (6) 9 minutes.

o
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The observation that the amphibian moved in the opposite direction compared to the previous

example, but still towards the peptide region, ruled out the possibility that the amphibian was

moving towards an external altractarfi like a light source or sound.

The results of these experiments are summarised in Table 4.4. The optimal concentration

range of caerin 2.3 within the container was also determined to be somewhere between 10-rr

and 10-8 M (results represented in Figure 4.8). The anurans did not respond to the pheromone

when the concentrations of caerin 2.3 < l}-rt M. 'When the concentration of pheromone was >

10-7 M the females became confused and agitated, ultimately climbing up the walls of the

tank.

Test Number Gaerin 2.3 Pad Time Taken for Test SPecimen to
Reach Gaerin 2.3 Pad (min)

Blank Pad

1

2

3

4

5

6

,/

./

./

./

./

,/

6.5

I
7

7.5

8.5

8

X

X

X

X

X

X

Table 4.4. Success rate of caerin 2.3 as an attractant on females oÍ Litoria splendida' Experiment

conducted in a series of tests, with the test specimens not being used more than once' ./ lndicates

test specimen successfully comes into contact with the pad containing the test substance' x lndicates

test specimen does not have any contact with the pad containing the test substance.
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Litoria splendida

20

tt
(¡)

=
'É

(¡)

E
tr

30
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10-13 10-12 10-11 10-10 10-e 10€ 1o-7 1

Caerin 2.3 concentration in container (M)

Figure 4.g. Determination of the minimum effective concentration of caerin 2.3 on females of Litoria

sitendida. Attracting effect represented as the amount of time taken for the test specimen to reach

the gauze pad contàining the test substance. The minimum effective concentration was determined

as the minimum conceñtration of caerin 2.3 lo induce attraction on the test specimen. Results

represent mean values (t SE) of three tests'

Most biologically active peptides that have been isolated from Australian amphibians have a

C-terminal CONH2 end grouprT. Caerin 2.3 isolated from male Litoria splendida however,

has a C-terminal CO2H end group. A synthetically modified version of caerin 2.3 with a C-

terminal CONH2 end group \ /as tested for pheromone activity. This was carried out in order

to confirm the specificity of these behavioural results in relation to the peptide with a

carboxyl terminal end. The synthetically modified caerin 2.3 was tested for pheromone

activity on four specimens of female Litoria splendida (see Table 4.5)'
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Test Number G-Terminal Modified Gaerin 2.3 Pad
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Blank Pad

1

2

3

4

X

x

X

X

X

X

X

x

Table 4.5. Success rate of C-terminal modified caerin 2.3 as an attractant on females oÍ Litoria

sptendida. Experiment conducted in a series of tests, with the test specimens not being used more

than once. ,/ lndicates test specimen successfully comes into contact with the pad containing the test

substance. x lndicates test specimen does not have any contact with the pad containing the test

substance.

The results indicated that there was no attraction of the females towards the synthetically

modified caerin 2.3. This indicated that the attraction was specific to the naturally occurring

peptide with the free acid terminal group.

4.2d. Behavioural studies of caer¡n2.3 with male Litoria splendida

Caerin 2.3 was then tested on several adult male Litoria splendida for comparison. The

peptide displayed no attractive effect on any male, and only random movement was noted (see

Table 4.6). There was no evidence of aggressive behaviour towards the pheromone (for

example, against a competing male).

Test Number Gaerin 2.3 Pad Blank Pad

1

2

3

4

X

X

X

X

X

X

X

Table 4.6. Success rate of caerin 2.3 as an attractant on males of Litoria splendida. Experiment

conducted in a series of tests, with the test specimens not being used more than once. ./ lndicates

test specimen successfully comes into contact with the pad containing the test substance' x lndicates

test specimen does not have any contact with the pad containing the test substance.
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4.2e. Behavioural studies of caerin2.3 with female and male Litoria caerulea

As described in section3.2d,the closely related species Litoria caerulea also contains caerin

2.3 within its skin secretion. Caerin 2.3 was tested on Litoria caerulea for pheromone activity'

Caerin 23 of varying concentrations was tested on a series of adult female Litoria caerulea.

The peptide showed no effect on the amphibian, and only random movements were noted

(Table 4.7).

Test Number Gaerin 2.3 Pad Blank Pad

1

2

3

4

X

X

X

X

X

X

X

X

Table 4.7. Success rate of caerin 2.3 as an attractant on females of Litoria caerulea. Experiment

conducted in a series of tests, with the test specimens not being used more than once. / lndicates

test specimen successfully comes into contact with the pad containing the test substance. x lndicates

test specimen does not have any contact with the pad containing the test substance.

Caerin 2.3 was also tested on a series of adult male Litoria caerulea. The results indicated no

significant effect on the amphibian, and only random movements were noted (Table 4.8).

Therefore, no behavioural response from either the male or female adults of the species

Litoria caerulea was produced by the caerin 2.3 peptide.
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Blank Pad

1

2

3

4

X

X

X

X

X

X

X

Table 4.g. Success rate of caerin 2.3 as an attractant on males of Litoria caerulea. Experiment

conducted in a series of tests, with the test specimens not being used more than once' / lndicates

test specimen successfully comes into contact with the pad containing the test substance. x lndicates

test specimen does not have any contact with the pad containing the test substance.

4.2f. Gonclusions

The results of these behavioural studies indicated that caerin 2.3 is the aquatic sex aggregation

pheromone of the male Litoria splendida. Caerin 2.3 has been renamed splendipherin, to

indicate pheromone activity. The biological role of splendipherin is that it attracts the female

Litoria splendida to the male in aquatic conditions. In the natural habitat, Litoria splendida is

a terrestrial animal that spends most of its time high above land within the protection of trees.

Only during the mating season does it move down into an aquatic environment to mate and

deposit the eggs. Litoria splendida does not drink water through its mouth, but instead

absorbs it through its permeable skin layer. Therefore, as these behavioural tests were

conducted in only a shallow depth of water (2cm deep), the amphibian must be absorbing the

pheromone through its skin. This process is rapid, as a behavioural response related to its

change in posture and attentive stance is noted almost immediately after splendipherin is

introduced into the tank. The speed of this recognition of the pheromone means that it cannot

be due to the peptide diffusing through the solution. The amphiphilic peptide must be acting

as a surfactant, with the hydrophilic zone of the helical peptide interacting with the surface of

the water, and ultimately being absorbed through the skin of the anuran. When the amount of

pheromone added to the pad is greater than 4000 nanograms, the female although still alert, is

unable to find the source of the pheromone. Decreasing the amount to below 4 nanograms

elicits no response from the female. The optimal concentration range of splendipherin within

the container was determined to be between 10-1t and 10-8 M. Splendipherin evokes no
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behavioural response in male Litoria splendida using identical pheromone tests. No

behavioural response was noted when either the female or male of the closely related species

Litoria caerulea was exposed to splendipherin. The aquatic sex pheromone splendipherin is

therefore species specific.

It was also shown that only splendipherin containing a free acid carboxyl terminal end was

active as an attractarÍ, and not its modified version with an amide C-terminal end' This is

interesting since most of the biologically active peptides isolated from Australian amphibians

have C-terminal CONH, end group functionalitytT. Natural splendipherin and synthetic (all L

amino acids) splendipherin had identical female-attracting activity. This confirmed that all the

amino acids were L-isomers, which is usually true for all naturally occurring biologically

active peptidests.

Anurans are aîunderstudied group in terms of their chemical communicationt'. Splendipherin

is the first anuran pheromone to be isolated and identified. Splendipherin is also the second

peptide pheromone to date identified in a vertebrate. Given the fact that Litoria splendida

reproduces in an aquatic environment, a non-volatile but water-soluble peptide is a reasonable

form to expect as apheromone in this amphibian'

The reason why the antibiotic caerin 1.10 occurs only in the male skin of Litoria splendida

remains a mystery. There is no evidence that it plays a sex-related role.
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4.3. Experimental

4.3a. General

Adult male and female specimens of Litoria splendida and Litoria caerulea were used for all

of the described behavioural tests. The specimens of Litoria splendida were originally from

the Kimberley region of Western Australia, and have been held in captivity since 1994' Test

specimens were selected from a total of eight males and seven female adults of Litoria

splendida. Adult male and female specimens of Litoria caerulea were originally from the

Northern Territory, and have been held in captivity since 1995. Test specimens were selected

from fourteen males and twelve female adults of Litoria caerulea. Both species have been

held in temperature and humidity regulated aquariums since captivity. The aquarium and the

room in which the experiments were conducted were regulated at a constant temperature of

28"C and 65% humidity with ultraviolet lighting overhead, mimicking their natural

environment. Caerin 1.10 and splendipherin (caerin 2.3) were derived from male Litoria

splendida as described in chapter 3. Both peptides were synthesised (Chiron Mimotopes,

Victoria see section 2.3h) in order to provide more material for the behavioural tests. The test

substances were dissolved in deionised water. All experiments were repeated, comprising a

series of at least six tests for each experiment. After each test was conducted, the aquarium

was thoroughly washed with methanol and water and then finally rinsed with water. The

aquarium was filled with fresh water and new ganze pads in readiness for the next test. No test

female was used more than once. The optimal concentration was determined using varying

concentrations of the test substance, ranging from 10-1a to 10-6 M (assuming dispersal into the

whole volume of water in the tank).

4.3b. Experimental procedure

A glass aquarium, with dimensions 650mm x 2000mm x 750mm, was filled with 1600 ml of

tap water. Two gamma sterilized cotton gavze pads (dimensions 100mm x 200mm) were

folded in half and placed at opposite ends of the glass aquarium. The test specimen was then

placed in the middle of the aquarium. Five minutes after the specimen was stabilised, the test
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substance was introduced and absorbed onto one of the gavze pads within the aquarium, while

the other gaùze pad only contained tap water. At this point all movements of the test animal

rvere recorded and timed. Thirty minutes after the test substance was introduced the

experiment concluded.
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CHAPTER 5. Peptides from Litoría citropa

5.1. lntroduction

5.1a. Litoria citropa

Litorict citropa (Figure 5.1). also knor,vn as the 'Bltte Mottntains tree frog'. has been

described as ofle of the most beautiftrl tree tiogs in Australiat, As an aclult, it tneasttres about

4-6,5 cnr i1 length, ancl is founcl in the eastern regions of Victoria aucl New South Wales

(Figure 5.2)2. Tliis tree h'og is quite unique as it has trvo separate types of skin glands that are

clistinct from each other. comparecl with lnost frogs that have only one type of skin glancl. The

ti,vo types of skin glands ol Litoria citropa are'.

(i) Dorsal granular glands, which are distributed evenly throughout the clorsal surfàce.

(ii) The sgbmental glancl, which is a relatively large glanct locatecl ttnderneath the throat

regloll

Figure 5.1. Litoria citropa
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Figure 5.2. Map of Australia indicating the location ol Litoria citropa
Distribution indicated by the black region'

To date, all other Australian tree frogs that have been studied for skin peptides have contained

only one type of skin gland responsible for skin secretion. The extra submental gland of

Litoria citropa is quite rare. Consequently, it is of interest to investigate the role of this gland,

and to observe whether it secretes host defence peptides of the tlpe produced from the dorsal

glands of other amphibians.

The aims of the research presented in this chapter are:

(Ð

(iÐ

(iiÐ

To isolate and determine the structure of the peptides of Litoria citropa secreted from

both dorsal and submental glands.

To compare the peptide profiles of the two distinct glandular secretions.

To determine the antibacterial activity of any new peptides discovered, and to compare

this spectrum of activity with those of the antibacterial peptides isolated from

previously studied tree frogs of the genus Litoria'
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5.2. Results and Discussion

5.2a. General

A single specimen of Litoria citropa was obtainedin 1997. Two separate skin secretions were

obtained using the surface electrical stimulation method'. The first one was taken from the

dorsal glands and the other from the submental gland. On average, about 8mg of solid peptide

material was acquired from the dorsal glands and 3mg from the submental gland after work-

up. The peptides within each secretion were separated using HPLC. The HPLC chromatogtam

from the dorsal gland secretion (Figure 5.3) was similar to that obtained from the submental

gland secretion (Figure 5.4), except for four peptides that were found only in the dorsal

secretion.

In all, twenty-one peptides were isolated and characterised following HPLC separation' The

first two peptide fractions from both secretions have been excluded from this chapter, and

from the IIPLC chromatograms, and will be discussed in more detail in the next chapter.

Nineteen peptides, which are in the chromatogram regions of 30-60 min, are discussed in this

chapter. The component peptides under consideration are labelled A-S in both HPLC

chromatograms. The amino acid sequences of the nineteen peptides, which were isolated and

characterised from the dorsal and submental secretions, are listed in Table 5.1. These

amphibian peptides are new and various data bank searches have indicated that there are no

reported analogues from any living system. The peptides were named citropins from the name

Litoria citropa. Both the dorsal and submental glands produced fifteen of these citropin

peptides, with the dorsal glands producing four additional citropin peptides.
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50
Ïme (mln)

Figure 5.3. Partial chromatogram of the HPLC separation of crude skin secretions taken from the

dorsal glands of Litoria citropa. (See Experimental section for full details).

5D
Time (min)

Figure 5.4. Partial chromatogram of the HPLC separation of crude skin secretions taken from the

submental gland of Litoria citropa. (See Experimental section for full details).
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Sequence
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HPLG
fraction

Gland

1.1

1.1.1

1.1.2

1.1.3

1.1.4

1.2

1.2.1

1.2.2

1.2.3

1.2.4

1.2.5

1.3

1614

1444

1297

1813

1844

1614

1444

1297

1 189

1813

1844

1628

GLFDVIKK/ASVIGGL (NHr)

FDV I KKVASV I GGL (NHr)

DV I KK\/ASV I GGL (NHr)

GLFDV r K[(\/ASV I GLASP (OH)

GLFDV r KKVASV I GLASQ (OH)

GLFDIIKKVASWGGL(NHr)

FDIIKKVASWGGL(NHr)

DllKI(/ASWGGL(NHr)

GLFDIIKI(/AS(NHr)

GLFD r r KKVASWGLASP (OH)

GLFD r r KKVASWGLASO (OH)

GLFD I I KI(/ASV I GGL (NHr)

GL I GS IGKALGGLLVDVLKPKL (OH)

GL r GS TGKALGGLLVDVLKPKLO (OH)

GL r GS r GKALGGLLVDVLKPKLOAA (OH)

GL I GS I GKALGGLLVDVLKPKLOAAS (OH)

DLFQV IKEKLKELTGGVIEG lO (OH)

DLFQV r KEKLKELTGGVIEG IOG (OH)

DLFQV I KEKLKELTGGVIEG IOGV (OH)

N

E

B

J

L

o
D

A

c
K

M

S

o
R

P

F

G

H

Dor./ Sub.

Dor./ Sub.

Dor./ Sub.

Dor.

Dor.

Dor./ Sub.

Dor./ Sub.

Dor./ Sub.

Dor./ Sub.

Dor.

Dor.

Dor.i Sub.

Dor./ Sub.

Dor./ Sub.

Dor./ Sub.

Dor./ Sub.

Dor./ Sub.

Dor./ Sub.

Dor./ Sub.

2.1

2.1.1

2.1.2

2.1.3

3.1

3.1.1

3.1.2

2160

2288

2430

2517

2456

2513

2612

Table 5.1. peptides isolated from skin secretions taken from the dorsal and submental glands of Litoria

citropa. Dor. indicates peptides isolated from the dorsal glands (on the back). Sub. indicates peptides

isolated from the submental gland (underneath throat).

There are three groups of citropin peptides isolated and characterised from Litoria citropa.

These are categorised as citropins I,2 and 3. Citropins 1.1, 1.1.2, I.1.3, l'2, l'3,2'l'1,2't'3

and 3.1 were synthesised. The native and synthetic peptides were shown to be identical using

HpLC and mass spectrometry. One peptide from each group of citropin peptides will now be

described including the MS structure determination of that peptide in detail. The structure

determinations of all the other citropin peptides are summarised in Tables 5.2,5.3 and 5.4'
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5.2b. Gitropin 1.1

All skin peptides derived ftom Litoria citropa were anaþsed by ESMS to determine their

structures. 
'Where applicable automated Edman sequencing was used to differentiate between

Leu and lle, and Lys-C digestion together with ESMS experiments were used to distinguish

Lys from Gln. Metþlation experiments together with ESMS identified all C-terminal end

groups, and gave an indication of the number of the CO2H and CONH2 groups within the

peptides.

Citropin 1.1 is one of the major fractions from the Litoria citropa skin secretion. Analysis of

citropin 1.1 by ESMS indicated a very prominent [M+2H]2* peak at m/z 808 and a MH* peak

at m/z 1614 within the spectrum. Metþlation of citropin 1.1 yielded a metþl ester, MH*

1644. The difference in mass between cihopin 1.1 and the metþl ester is 29Da, which

indicates the presence of one CO,H group and one CONH2 group. Collision activation mass

spectrum (MS/\4S) of the parent ion of citropin 1.1 (m/zl6l5) is shown in Figure 5.5.

Vrl
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É,
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I Asp Phe Leu

148{

12511083

t427
1ls0 1182

615

l614

Yal

r0{x)
90,

842
114

970

11t

544
5t2

Ile

Figure 5.5. CA MS/MS of the MH' ion of citropin 1.1 (m/z 1614). The sequence above the spectrum is

de-termined by the 'B' fragmentations, while und ¡rneath is the sequence determined by the 'Y+2'

fragmentations. (See Experimental section for full details).
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The amino acid sequence determined from the CA MS/lVlS data is 432 -Yal Ile Lys Lys Val

Ala Ser Val Ile Gly Leu G\fHr). A number of residues @32 Da) at the N-terminal end of

citropin 1.1 could not be identified from this spectrum. Enzyrne digestion using the Lys-C

/ESMS procedure was used to identiff the unknown sequence. Lys-C digestion of citropin 1.1

gave four peptide fragments, m/z 919, 842, 7gl and 714. These fragments confirmed the

presence of the LysT and Lyss residues. Sequence data was obtained for all four peptides;

however, the spectrum of m/z 919 was all that was required to finalise the sequence of citropin

1.1. The collision induced spectrum (MSi\dS) of m/z 919 (Figure 5.6) indicates the sequence

of this fragment to be Gly Leu Phe Asp Val Ile Lys Lys (OH).

Vrl Ilc

919

645

149 715

Figure 5.6. CA MS/MS of the Lys-C digest fragment ion of citropinl .1 (m/z 919). The sequence above

thã spectrum is determined Oy ihe 'B' fragmentations, while underneath is the sequence determined by

the 'Y+2' fragmentations. (See Experimental section for full details).

Combination of all the MS data gives the following sequence for citropin 1.1; Gly Leu Phe

Asp Val Ile Lys Lys Val Ala Ser Val Ile Gly Gly Leu (NHr). This sequence, particularly Leu

and Ile, was confirmed by the automated Edman procedure. Structural determination details of

all the citropin 1 peptides are summarised in Table 5.2.
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Gitropin 1.1 [MH. 16f 4]

Prominent [M+2H] 
2* 808 also present in spectrum'

Methylation gives a methyl ester, MH. 1643 (one CO,H and one CONH2 group).

MH. 1614 'B ions' m/z 1597, 1484, 1427, 1370, 1257,

MS/MS 1158, 1071,1000,901,773,645,532
fle Lys Lys Val Ala Ser Val lle Gly Gly

Leu (NH')l
'Y+2 ions' m/z 1614, - 1182, 1083, 970, 842,714,

615,544
þ Val lle LYs LYs Val Alal

Sequence Val lle Lys Lys Val Ala Ser Val lle Gly
Gly Leu (NHr)

Lys-C digestion gives MH.714,791,842 and 919

MH. 919 'B ions' m/z 901 ,773, 645, 532, 433

MS/MS [Val lle LYs LYs (OH)]

'Y+2 ions' m/2919,862,749,602,487
[Gly Leu Phe AsP]

Sequence Gly Leu Phe Asp Val lle Lys Lys (OH)

Full sequence of Citropin 1.1 as determined from mass spectrometric and automated Edman

data is:

Gly Leu Phe Asp Val lle Lys Lys Val Ala Ser Val lle Gly Gly Leu (NHr)

Gitropin 1.1.1 [MH. 14441

Prominent [M+2H] 
2'723 also present in spectra'

Methylation gives a methyl ester, MH. 1473 (one CO,H and one CONH, group).

MH* 1444 'B ions' m/z 1427 , 1314, 1257 , 1200,1087, 988,

MS/MS 901,830

[Ala Ser Val lle GIY GIY Leu (NHr)]

'Y+2 ions' m/z 1444, - 1182, - 970, 842,714, 615,
544

[- Lys LYs ValAla]
Sequence Lys Lys Val Ala Ser Val lle Gly Gly

Leu (NHr)

Lys-C digestion gives MH* 621,714,749 and 842
MH.749 'B ions' m/2731,603, 475,362,263

MS/MS [Val lle LYs LYs (OH)]

'Y+2 ions' m/2749,602, 487, 388

[Phe AsP Val]

Sequence Phe Asp Val lle Lys Lys (OH)

Full sequence of Citropin 1.1.1 as determined from mass spectrometric and automated

Edman data is:

Phe Asp Val lle Lys Lys Val Ala Ser Val Ile Gly Gly Leu (NH,

Table 5.2. MS data for citropin 1 peptides isolated rrom Litoria citropa
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Citropin 1.1.2 [MH. 12971

Prominent [M+2H] 
2'650 also present in spectra.

Methylation gives a methyl ester, MH* 1326 (one CO2H and one CONH, group).

MH. 1297 'B ions' m/21280,1167,1110, 1053,940,841,

MS/MS 754,683,584

[Val Ala Ser Val lle Gly Gly Leu (NHr)]

'Y+2 ions' m/z 1297,1182

lAsPl
Sequence Asp - Val Ala Ser Val lle Gly Gly

Leu (NHr)

Lys-C digestion gives MH* 602, 714 and 842

MH. 602 'B ions' m/z 584, 456,328,215

MS/MS [lle LYs LYs (OH)]

'Y+2 ions' m/z 602, 487,388,275

[AsP Val lle]

Sequence AsP Val lle LYs LYs (OH)

Full sequence of Citropin 1.1.2 as determined from mass spectrometric and automated

Edman data is:

Asp Val lle Lys Lys Val Ala Ser Val lle Gly Gly Leu (NHr)

Citropin 1.1.3 [MH. 18f 3]

Prominent [M+2H] 
2* 908 also present in spectra'

Methylation gives a methyl ester, MH* 1841 (two CO2H groups).

Lys-C digestion gives MH. 791,913, 919 and 1041

MH. 1041 'B ions' m/z 1023,926, 839, 768, 655, 598, 485

MS/MS [lle GIY Leu Ala Ser Pro (OH)]

'Y+2 ions' m/z 1041, 913, 814,743,656,557,444

[Lys Val Ala Ser Val lle]

Sequence Lys Val Ala Ser Val lle Gly Leu Ala Ser

Pro (OH)

MH. 919 'B ions' m/z 901 ,773, 645, 532, 433

MS/MS [Val lle LYs LYs (OH)]

'Y+2 ions' m/2919, 862, 749,602,487

[Gly Leu Phe AsP]

Sequence Gly Leu Phe Asp Val lle Lys Lys (OH)

Full sequence of Citropin 1.1.3 as determined from mass spectrometric and automated

Edman data is:

Gly Leu Phe Asp Val lle Lys Lys Val Ala Ser Val lle Gly Leu Ala Ser Pro (OH)

Table 5.2. (Continued)
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Citropin 1.1.4 [MH. 18441

Prominent [M+2H]2.923 also present in spectra.

Methylation gives a methyl ester, MH. 1887 (two CO'H and one CONH2 group).

Lys-C digestion gives MH* 791,919,944 and 1072

MH. 1072 'B ions' m/z 1054,926, 839, 768, 655, 598, 485

MS/MS [lle GIY Leu Ala Ser Gln (OH)]

'Y+2 ions' m/21072,944,845,774,687,588,475,
418

[Lys Val Ala Ser Val lle GIY]

Sequence Lys Val Ala Ser Val lle Gly Leu Ala Ser

Gln (oH)

MH. 919 'B ions' m/z 901,773,645, 532, 433

MS/MS [Val lle LYs LYs (OH)]

'Y+2 ions' m/2919,862,749,602,487
[Gly Leu Phe AsP]

Sequence Gly Leu Phe Asp Val lle Lys Lys (OH)

Full sequence of Citropin 1.1.4 as determined from mass spectrometric and automated

Edman data is:

Gly Leu Phe Asp Val lle Lys Lys Val Ala Ser Val lle Gly Leu Ala Ser Gln (OH)

Citropin 1.2 [MH. 16141

Prominent [M+2H]2.808 also present in spectra'

Methylation gives a methyl ester, MH* 1643 (one CO2H and one CONH2 group)'

MH. 1614 'B ions' m/21597,1484,1427,1370,1271,
MS/MS 1172,1085, 1014,915,787,659, 546

$e Lys Lys Val Ala Ser Val Val Gly Gly

Leu (NH')l
'Y+2 ions' m/z 1614, - 1182,1069, 956, 828

þ lle lle LYsl

Sequence lle lle Lys Lys Val Ala Ser Val Val Gly
Gly Leu (NH')

Lys-C digestion gives MH* 700, 805, 828 and 933

MH. 933 'B ions' m/2915,787,659, 546, 433

MS/MS [lle lle LYs LYs (OH)]

'Y+2 ions' m/2933,876,763,616,501
[Gly Leu Phe AsP]

Sequence Gly Leu Phe Asp lle lle Lys Lys (OH)

Full sequence of Citropin 1.2 as determined from mass spectrometric and automated Edman

data is:

Gly Leu Phe Asp lle lle Lys Lys ValAla ser ValVal Gly Gly Leu (NHr)

Table 5.2. (Continued)
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Gitropin 1.2.1 [MH. 14441

Prominent [M+2H] 
2*723 also present in spectra'

Methylation gives a methyl ester, MH. 1473 (one COrH and one CONH2 group).

MH* 1444 'B ions' m/z 1427, 1314, 1257, 1200, 1101,1002,

MS/MS 915, 844,745,617, 489

[Lys Lys Val Ala Ser Val Val GIY GIY

Leu (NHr)l

'Y+2 ions' m/z 1444,'1182, - 956, 828,700

þ Lys Lysl

Sequence Lys Lys Val Ala Ser Val Val Gly Gly

Leu (NHr)

Lys-C digestion gives MH* 635, 700, 763 and 828

MH. 763 'B ions' m/2745,617, 489,376,263

MS/MS [lle lle LYs LYs (OH)]

'Y+2 ions' m/2763,616, 501

lPhe AsPI

Sequence Phe Asp lle lle Lys Lys (OH)

Full sequence of Citropin 1.2.1 as determined from mass spectrometric and automated

Edman data is:

Phe Asp lle lle Lys Lys Val Ala Ser Val Val Gly Gly Leu (NHr)

G itropin 1.2.2 lMH. 12971

Prominent [M+2H] 
2* 650 also present in spectra.

Methylation gives a methyl ester, MH* 1326 (one CO2H and one CONH2 group).

MH. 1297 'b ions' m/z 1280,1167,1110,1053, 954, 855,

MS/MS 768,697, 598

[Val Ala Ser Val Val Gly Gly Leu (NH')]

'Y+2 ions' m/z 1297, 1 182, 1069

lAsp llel

Sequence Asp lle - Val Ala Ser ValVal Gly Gly

Leu (NHr)

Lys-C digestion gives MH. 616, 700 and 828

MH. 616 'B ions' m/z 598, 470,342, 229

MS/MS [lle LYs LYs (OH)]

'Y+2 ions' m/2616,501, 388, 275

[Asp lle lle]

Sequence AsP lle lle LYs LYs (OH)

Full sequence of Citropin 1.2.2 as determined from mass spectrometric and automated

Edman data is:

Asp lle lle Lys Lys Val Ala Ser Val Val Gly Gly Leu (NHr)

Table 5.2. (Continued)
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Gitropin 1.2.3 [MH. 1813]

Prominent [M+2H] 
2* 908 also present in spectra.

Methylation gives a methyl ester, MH* 1841 (two CO2H groups).

Lys-C digestion gives MH.805,899, 933 and 1027

MH. 1027 'B ions' m/21009,912,825,754,641,584,485

MS/MS [Val GIY Leu Ala Ser Pro (OH)]

'Y+2ions' m/21027,899,800,729,642,543,444

[Lys Val Ala Ser Val Val]

Sequence Lys Val Ala Ser Val Val Gly Leu Ala Ser

Pro (OH)

[MH.933 'B ions' m/2915,787, 659, 546,433

MS/MS [lle lle LYs LYs (OH)]

'Y+2 ions' m/2933,876,763,616,501

[Gly Leu Phe AsP]

Sequence Gly Leu Phe Asp lle lle Lys Lys (OH)

Full sequence of Citropin 1.2.3 as determined from mass spectrometric and automated

Edman data is:

Gly Leu Phe Asp lle lle Lys Lys Val Ala Ser Val Val Gly Leu Ala Ser Pro (OH)

Gitropin 1.2.4 lMH. 18441

Prominent [M+2H] 
2*923 also present in spectra.

Methylation gives a methyl ester, MH* 1887 (two CO.H and one CONH2 group).

Lys-C digestion gives MH'805, 930, 933 and 1058

MH. 1058 'B ions' m/z 1040,912,825,754,641, 584, 485

MS/MS [Val GIY Leu Ala Ser Gln (OH)]

'Y+2 ions' m/z 1058,930, 831 ,760,673,574
[Lys Val Ala Ser ValVal]

Sequence Lys Val Ala Ser ValVal Gly Leu Ala Ser

Gln (oH)

MH. 933 'B ions' m/2915,787,659, 546, 433

MS/MS [lle lle LYs LYs (OH)]

'Y+2 ions' m/2933,876,763,616, 501

[Gly Leu Phe AsP]

Sequence Gly Leu Phe Asp lle lle Lys Lys (OH)

Full sequence of Citropin 1.2.4 as determined from mass spectrometric and automated

Edman data is:

Gly Leu Phe Asp lle lle Lys Lys ValAla Ser ValVal Gly Leu Ala Ser Gln (OH)

Table 5.2. (Continued)
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Citropin 1.2.5 [MH. 1189]

Methylation gives a methyl ester, MH. 1218 (one CO2H and one CONH, group).

MH. 1189 'B ions' m/21172,1085, 1014,915,787,659

MS/MS [LYs LYs Val Ala Ser (NH')]

'Y+2 ions' m/z 1189, 1132,1019,872,757,644,

531

[Gly Leu Phe AsP lle lle]

Full sequence of Citropin 1.2.5 as determined from mass spectrometric and automated

Edman data is:

Gly Leu Phe Asp lle lle Lys Lys Val Ala Ser (NHr)

Gitropin 1.3 [MH. 1628]

Prominent [M+zH] 
2.815 also present in spectra.

Methylation gives a methyl ester, MH. 1657 (one CO2H and one CONH2 group).

Lys-C digestion gives MH. 714,805,842 and 933

MH.933 'B ions' m/2915,787,659,546,433

MS/MS [lle lle LYs LYs (OH)]

'Y+2 ions' m/2933,876,763,616,501

[Gly Leu Phe AsP]

Sequence Gly Leu Phe Asp lle lle Lys Lys (OH)

MH.842 'B ions' m/2825,712,655,598,485,386

MS/MS [Val lle GIY GIY Leu (NH')]

'Y+2 ions' m/2842,714,615,544,457,358

[Lys Val Ala Ser Val]

Sequence Lys Val Ala Ser Val lle Gly Gly Leu (NHt)

Full sequence of Citropin 1.3 as determined from mass spectrometric and automated Edman

data is:

Gly Leu Phe Asp lle lle Lys Lys Val Ala Ser Val lle Gly Gly Leu (NH')

Table 5.2. (Continued)
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5.2c. Gitropin 2.1

Citropin 2.1 is a minor component of the Litoria citropa skin secretion. Analysis of citropin

2.1by ESMS indicated a very prominent [M+2H]2* peak at m/z I08I and a MH* peak at m/z

2160 ínthe spectrum. Metþlation of citropin 2.1 yielded a metþl ester, m/z 2188, indicating

the presence of two COrH groups. The collision induced mass spectrum (MSA{S) of the

[M+2H]2* ion(m/z 1031) is shown in Figure 5.7.
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Figure 5.7. CA MS/MS of the [M+2H]2* ion of citropin 2.1 (m/z 1081). The sequence above the

spectrum is determined by the'B'fragmentations, while underneath is the sequence determined by the

'Y+2'fragmentations. (See Experimental section for full details).
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The amino acid sequence determined from this CA MS/l\dS spectrum is Gly Leu Ile Gly Ser

Ile Gly Lys Ala Leu Gly Gly Leu Leu Val Asp Val Leu Lys Pro -259. The other residues (259

Da) at the C-terminal end of citropin 2.1 could not be identified from this spectrum' This

segment was identified using the MS/IVIS/IVIS technique on the'Y+2' fragment ion m/z 485.

The collision induced mass spectrum (MSÀ4S/\4S) of m/z 485 (Figure 5.8) indicates the

sequence of this 'Y+2'fragment ion to be Lys Pro Lys Leu (OH).

þs I-eu (OIl)

467

4r5

Figure S.B. CA MS/MS/MS oÍ the m/z 485'Y+2' fragment ion of citropin 2.1.The sequence above

the spectrum is determined by the'B'fragmentations, while underneath is the sequence determined by

the 'Y+2'fragmentations. (See Experimental section for full details).

The Lys-C digestion of citropin 2.I gave four peptide fragments, m/z 2047, 1435, 1322 and

744. These fragments confirmed the presence of the Lys8, Lysrn and Lystl residues. Sequence

data was obtained for all four peptides. Combination of all the MS data gave the following as

the ful1 sequence for citropin 2.I; Gly Leu Ile Gly Ser Ile Gly Lys Ala Leu Gly Gly Leu Leu

Val Asp Val Leu Lys Pro Lys Leu (OH). The Leu and Ile residues were identified by

automated Edman degradation, which also confirmed the full sequence. Structural

determination details of all the citropin 2 peptides are summarised in Table 5'3.
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Prominent [M+2H] 
t.1081 also present in spectra.

Methylation gives a methyl ester, MH* 2188 (two CO2H groups).

[M+2H] 
2* 1081 'B ions' m/z 1901,1804,1676, 1563, 1464,

MS/MS 1349, 1250, 1137, 1024,967, 910, 797,
726,598, 541,428,341

[Ser lle Gly Lys Ala Leu GIY GIY

Leu Leu ValAsp Val Leu Lys Pro - (OH)l

'Y+2 ions' m/z 2160,2103, 1990, 1877 , 1820,

1733, 1620, 1 563, 1435, 1364, 1251,

1194, 1137, 1024, 91 1, 812, 697, 598,

485, 357

[Gly Leu lle Gly Ser lle Gly Lys Ala Leu

Gly Gly Leu Leu ValAsP Val Leu LYsl

Sequence Gly Leu lle Gly Ser lle Gly Lys Ala Leu

Gly Gly Leu Leu ValAsP Val Leu LYs

Pro (OH)

MH. 485 'B ions' m/z 467,354,226
MS/MS/MS [LYs Leu (OH)]

'Y+2 ions' m/z 485,357,260
[Lys Pro]

Sequence LYs Pro LYs Leu (OH)

Full sequence of Citropin 2.1 as determined from mass spectrometric and automated Edman

data is:

Gly Leu lle Gly Ser lle Gly Lys Ala Leu Gly Gly Leu Leu ValAsp Val Leu Lys Pro

Lys Leu (OH)

Gitropin 2.1 [MH.2160]

Gitropin 2.1.1 [MH. 22881

Prominent [M+zH] 
2* 1145 also present in spectra.

Methylation gives a methyl ester, MH.2331 (two CO,H and one CONH2 group).

[M+2H] 
2* 1145 'B ions' m/z 1464, 1349, 1250, 1137, 1024,967,

MS/MS 910,797,726,598
[Lys Ala Leu GIY GIY Leu Leu Val

Asp - (oH)I
'Y+2ions' m/z - 1861, 1748, 1691, 1563, 1492,

1379, 1322, 1265, 1152,1 039, 940,825

fle Gly LYs Ala Leu GIY GIY Leu Leu

Val Aspl

Sequence lle Gly Lys Ala Leu Gly Gly Leu Leu Val

Asp - (oH)

Table 5.3. MS data for citropin 2 peptides isolated from Litoria citropa.
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Gitropin 2.1.1 [MH. 22881 (Gontinued)

Lys-C digestion gives MH. 744,1322,1563 and 2048

MH. 1563 'B ions' m/z 1545, 1417 , 1304, 1176, 1079, 951 ,

MS/MS 838, 739, 624,525
[Val Asp Val Leu LYs Pro LYs Leu

Gln (oH)l
'Y+2 ions' m/z 1563,1492,1379,1322,1265,

1152,1 039, 940, 825,726

[Ala Leu Gly GIY Leu Leu ValAsP Val]

Sequence Ala Leu Gly Gly Leu Leu Val Asp Val

Leu Lys Pro Lys Leu Gln (OH)l

MH. 744 'B ions' m/2726,598, 541 ,428,341
MS/MS [Ser lle GIY LYs (OH)]

'Y+2 ions' m/2744,687,574, 461, 404,317,204

[Gly Leu lle Gly Ser lle]

Sequence Gly Leu lle Gly Ser lle Gly Lys (OH)

Full sequence of Citropin 2.1.1 as determined from mass spectrometric and automated

Edman data is:

Gly Leu lle Gly Ser lle Gly Lys Ala Leu Gly Gly Leu Leu ValAsp Val Leu Lys Pro

Lys Leu Gln (OH)

Gitropin 2.1 .2 lMH. 24301

Prominent [M+2H]2.1216 also present in spectra.

Methylation gives a methyl ester, MH. 2473 (two CO,H and one CONH2 group)'

[M+2H] 
2* 1216 'B ions', m/z 1901,1804,1676, 1563, 1464,1349,

MS/MS 1250,1137,1024,967, 910,797

[Leu Gly GIY Leu Leu Val AsP Val Leu

Lys Pro - (OH)l

'Y+2 ions' m/z 2090, 2003, 1890, 1833, 1705,
1634,1521, 1464, 1407, 1294, 1181,
1082,967, 868, 755

[Ser lle Gly Lys Ala Leu Gly Gly Leu Leu

Val Asp Val Leul

Sequence Ser lle Gly Lys Ala Leu Gly Gly Leu Leu

ValAsp Val Leu LYs Pro - (OH)

[M+H] 
* 868 'B ions' m/2850,779,708,580,467,339

MS/MS/MS [LYs Leu Gln Ala Ala (OH)]

'Y+2 ions' m/2868,755,627,530,402,289
[Leu Lys Pro LYs Leu]

Sequence Leu Lys Pro Lys Leu Gln Ala Ala (OH)

Table 5.3. (Continued)
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Gitropin 2.1 .2 lMH. 24301 (Gontinued)

Lys-C digestion gives MH* 744,1322, 1706 and 2048
MH* 744 'B ions' m/2726,598, 541 ,428,341
MS/MS [Ser lle GIY LYs (OH)]

'Y+2ions' m/2744,687,574,461,404,317,204
[Gly Leu lle GIY Ser lle]

Sequence Gly Leu lle Gly Ser lle Gly Lys (OH)

Full sequence of Citropin 2.1.2 as determined from mass spectrometric and automated

Edman data is:

Gly Leu lle Gly Ser lle Gly Lys Ala Leu Gly Gly Leu Leu ValAsp Val Leu Lys Pro Lys

Leu Gln Ala Ala (OH)

Gitropin 2.1.3 [MH. 25171

Prominent [M+2H] 
2* 1260 also present in spectra.

Methylation gives a methyl ester, MH.2560 (two CO,H and one CONH2 group).

[M+2H] 
2* 1260 'B ions' m/21901, 1804, 1676, 1563, 1464,1349,

MS/MS 1250,1137,1024,967, 910,797,726,
598,541,428,341
[Ser lle Gly Lys Ala Leu Gly Gly Leu Leu

Val Asp Val Leu LYs Pro - (OH)l

'Y+2 ions' m/z 2234, 2177, 2090, 1977, 1920,
1792, 1721, 1608, 1551, 1494, 1381,

1268, 1 1 69, 1054, 955, 842, 7 14, 617

[Gly Ser lle Gly Lys Ala Leu Gly Gly Leu

Leu ValAsP Val Leu LYs Prol

Sequence Gly Ser lle Gly Lys Ala Leu Gly Gly Leu

Leu ValAsP Val Leu LYs Pro - (OH)

[M+H] 
. 955 'B ions' m/2937,850, 779, 708, 580, 467

MS/MS/MS [Leu Gln Ala Ala Ser (OH)]

'Y+2 ions' m/2955,842,714,617,489,376
[Leu LYs Pro LYs Leu]

Sequence Leu Lys Pro Lys Leu Gln Ala Ala

Ser (OH)

Lys-C digestion gives MH' 744, 1322, 1793 and 2048
MH* 744 'B ions' m/2726,598, 541 , 428,341
MS/MS [Ser lle GIY LYs (OH)]

'Y+2ions' m/2744,687,574,461,404,317,204
[Gly Leu lle GIY Ser lle]

Sequence Gly Leu lle Gly Ser lle Gly Lys (OH)

Full sequence of Citropin 2.1.3 as determined from mass spectrometric and automated

Edman data is:

Gly Leu lle Gly Ser lle Gly Lys Ala Leu Gly Gly Leu Leu Val Asp Val Leu Lys Pro Lys

Leu Gln Ala Ala Ser (OH)

Table 5.3. (Continued)
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5.2d. Gitropin 3.1.2

Citropin 3.1.2 is another minor component of the skin secretion of Litoria citropa. Analysis of

citropin 3.l.2by ESMS shows avery prominent [M+2H]2* peak at m/z 1307 and a MH* peak

at m/z 2612. Metþlation of citropin 3.1.2 yielded a metþl ester, m/z 2712, indicating the

presence of five CO2H groups and two CONH2 groups. Citropin 3.1.2 is the largest of the

citropin peptides, with its structural determination being the most complex. The collision

induced mass spectrum (MSA{S) of the [M+2H]2* ion(m/21307) is shown in Figure 5.9.
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Figure S.9. CA MS/MS of the [M+2H]2* ion of citropin 3.1.2 (m/z 1307). The sequence above the

spectrum is determined by the 'B'fragmentations, while underneath is the sequence determined by the

'Y+2' fragmentations. (See Experimental section for full details).
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The amino acid sequence determined from this CA MS/\4S spectrum is 601 - Ile Lys Glu Lys

Leu Lys Glu Leu Thr Gly Gty Val Ile Glu Gly Ile Gln - I74,with the residues at the N-

terminal end (601 Da) and at the C-terminal end(174 Da) not identified. The MS/lvfSilVIS data

for the 'Y+2' fragment ion m/z 928 identified the unknown residues at the C-terminal end.

The collision induced mass spectrum (MS/IMS/I{S) of m/z 928 (Figure 5.10) gives the

sequence Gly Gly Val Ile Glu Gly Ile Gln Gly Val (OH).

Gln Vâl (oHf
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Ê
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Figure 5.10. CA MS/MS/MS of the m/2928'Y+2'fragment ion of citropin 3.1.2. The sequence

above the spectrum is determined by the 'B' fragmentations, while underneath is the sequence

determined by the 'Y+2' fragmentations. (See Experimental section for full details).

The Lys-C digestion of citropin 3 .l .2 gave five peptide fragment s, m/z 1512, 127 7 , lll9, 862

and, 517. These fragments confirmed the presence of Lys7, Lysn and Lystr residues. The

collision induced mass spectrum (MS/\4S) of m/z 862 identifies the unknown residues at the

N-terminal end. The collision induced mass spectrum (Table 5.4) of m/z 862 ion gives the

sequence Asp Leu Phe Gln Val Ile Lys (OH). Combination of all the MS data, together with

confirmatory Edman data, gives the full sequence for citropin 3.1.2 as Asp Leu Phe Gln Val

Ile Lys Glu Lys Leu Lys Leu Lys Glu Leu Thr Gly Gly Val Ile Glu Gly Ile Gln Gly Val (OH).

Structural determination details of all the citropin 3 peptides are summarised in Table 5.4.
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Gitropin 3.1 [MH.24561

Prominent [M+2H] 
2'1229 also present in spectra.

Methylation gives a methyl ester, MH.2556 (five CO,H and two CONH2 groups).

[M+2H] 
2* 1229 'B ions' m/z 1898,1799, 1742,1685, 1584,

MS/MS 1471, 1342, 1214, 1101,973,844,
716,603
fle Lys Glu Lys Leu Lys Glu Leu Thr Gly
Gly Val - (oH)l

'Y+2ions' m/z 1953, 1854, 1741, 1613, 1484,
1356, 1243, 1115,986, 873, 772,715,
658

[Val lle Lys Glu Lys Leu Lys Glu Leu Thr
cly Glyl

Sequence Val lle Lys Glu Lys Leu Lys Glu Leu Thr
Gly Gly Val - (OH)

[M+H] 
.658 'B ions' m/2640,512,399, 342,213

MS/MS/MS [Glu GIY lle Gln (OH)]
'Y+2 ions' m/2658,559,446,317,260

[Val lle Glu Gly]
Sequence Val lle Glu Gly lle Gln (OH)

Lys-C digestion gives MH. 517 , 862, 1115, 1 1 19 and 1356
MH. 862 'B ions' m/z 844,716, 603, 504
MS/MS [Val lle LYs (OH)]

'Y+2 ions' m/z 862,747 , 634, 487 , 359,260
[Asp Leu Phe Gln Val]

Sequence Asp Leu Phe Gln Val lle Lys (OH)

Full sequence of Citropin 3.1 as determined from mass spectrometric and automated Edman

data is:
Asp Leu Phe Gln Val lle Lys Glu Lys Leu Lys Glu Leu Thr Gly Gly Val lle Glu Gly lle
Gln (oH)

Gitropin 3.1.1 [MH. 25131

Prominent [M+2H] 
2'1258 also present in spectra.

Methylation gives a methyl ester, MH.2613 (five CO2H and two CONH2 groups).

[M+2H]'z. 1258 'B ions' m/z 2140, 2011, 1898, 1799, 1742,

MS/MS 1685,1 584, 1471, 1342, 1214, 1101,
973,844,716, 603, 504, 376

[Gln Val lle Lys Glu Lys Leu Lys Glu Leu

Thr Gly Gly Val lle Glu - (OH)l
'Y+2ions' m/z 2010, 1911, 1798, 1670, 1541,

1413, 1300, 1172, 1043, 930, 829, 772,

715,616
[Val lle Lys Glu Lys Leu Lys Glu Leu Thr
Gly Gly Val llel

Sequence Gln Val lle Lys Glu Lys Leu Lys Glu Leu

Thr Gly Gly Val lle Glu - (OH)

Table 5.4. MS data for citropin 3 peptides isolated from Litoria citropa.
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Gitropin 3.1.1 [MH. 25131 (Gontinued)

[M+H].715 'B ions' m/2697,640,512,399,342
MS/MS/MS [GlY lle Gln GIY (OH)]

'Y+2 ions' m/2715,616, 503,374,317,204
[Val lle Glu GIY lle]

Sequence Val lle Glu Gly lle Gln Gly (OH)

Lys-C digestion gives MH. 517,862,1 1 19, 1172 and 1413
MH. 862 'B ions' m/z 844,716, 603, 504, 376
MS/MS [Gln Val lle LYs (OH)]

'Y+2 ions' m/2862,747,634,487,359,260
[Asp Leu Phe Gln Val]

Sequence Asp Leu Phe Gln Val lle Lys (OH)

Full sequence of Citropin 3.1.1 as determined from mass spectrometric and automated

Edman data is:
Asp Leu Phe Gln Val lle Lys Glu Lys Leu Lys Glu Leu Thr Gly Gly Val lle Glu Gly lle Gln

Gly (oH)

Gitropin 3.1.2 [MH. 26121

Prominent [M+2H] 
2'13Q7 also present in spectra.

Methylation gives a methyl ester, MH.2712 (five CO,H and two CONH2 groups).

[M+2H] 
2* 1307 'B ions' m/22438,2310,2197,2140,2011,1898

MS/MS 1799, 1742,1685, 1584,1471,1342,
1214, 1101,973, 844,71 6, 603

fle Lys Glu Lys Leu Lys Glu Leu Thr Gly
Gly Val lle Glu GIY lle Gln - (OH)l

'Y+2ions' m/z 2011, 1898, 1769, 1640, 1512,
1399, 1271, 1142, 1029, 928, 871, 814,
716,603,473
flle Lys Glu Lys Leu Lys Glu Leu Thr Gly

Gly Val lle Glul
Sequence lle Lys Glu Lys Leu Lys Glu Leu Thr Gly

Gly Val lle Glu GIY lle - (OH)

m/2928 'B ions' m/2910, 811 ,754,626, 513, 456

MS/MSiMS [GlY lle Gln GIY Val (OH)]
'Y+2 ions' m/2928,871,811,715,602,473

lGly Gly Val lle Glul
Sequence Gly Gly Val lle Glu Gly lle Gln Gly

Val (oH)
Lys-C digestion gives MH. 517,862, 1119, 1271 and 1512

MH. 862 'B ions' m/z 844,716, 603, 504, 376

MSiMS [Gln Val lle LYs (OH)]
'Y+2 ions' m/2862,747,634,487,359,260

[Asp Leu Phe Gln Val]
Sequence Asp Leu Phe Gln Val lle Lys (OH)

Full sequence of Citropin 3.1.2 as determined from mass spectrometric and automated

Edman data is:
Asp Leu Phe Gln Val lle Lys Glu Lys Leu Lys Glu Leu Thr Gly Gly Val lle Glu Gly lle Gln Gly Val (OH)

Table 5.4. (Continued)
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5.2e. Antibacterial activity determination

As described in chapter 1, most tree frogs of the genus Litoria have antibacterial peptides

within their skin secretions. Wide-spectrum antibacterial peptides so far reported within this

genus have generally been caerin or maculatin peptides. The specific examples of caerin 1.1

and maculatin 1.1 have been described in section l.2c and 2.1b. The antibacterial activities of

ten citropin peptides from Litoria citropa have been determined and are compared with those

of caerin 1.1 and maculatin 1.1 in Table 5.5.

Peptide Reference Sequence Antibacterial activity

Citropin 1.1

Citropin 1.1.2

Citropin 1.1.3

Citropin 1.2

Citropin 1.2.2

Citropin 1.2.3

Citropin 1.3

Citropin 2.1

Citropin 2.1.3

Citropin 3.1.2

Caerin1.1

Maculatin 1.1

cit1.1

cit1.1.2

c¡t1.1.3

cit1.2
cit1.2.2

cit1.2.3
cit1.3
cit2.1

c¡t2.1.3

cit3.1.2
c1.1

M1.1

active

inactive

active

active

inactive

inactive

active

slightly active

slightly active

inactive

active

active

GLFDVTKKVASVIGGL (NHr)

DV I KKVASV I GGL (NH,)

GLFDV I KKVASV I GLASP (OH)

GLFD I TKKVASWGGL (NHr)

DITKKVASWGGL(NHr)
GLFDIIKKVAS(NH,)
GLFD I I KKVASV I GGL (NHr)

GL I GS I GKALGGLLVDVLKPKL (OH)

GL I GS IGKALGGLLVDVLKPKLQMS (OH)

DLFQV I KEKLKELTGGVIEG I OGV (OH)

GLLSVLGSVAKHVLPHWPV I AEHL (NH,)

GLFGVLAKVAAHWPA I AEHF (NH,)

cit1.1 cit1.1.3 Cit1.2

3

100

12

25

12

25

25

25

12

MIG (pg/ml)

cit1.3 cit2.1

25

cit2.1.3 c1.1 M1

50 25Bacillus cereus

Escherichia coli

Leuconostoc lactis

Listeria innocua

Micrococcus luteus

Pasteurella multocida

Staphylococcus aureus

Staphylococcu s epiderm idi s

Streptococcus uberis

1

1.5

25

12

25

50

50

b

25

12

50 100

100

6

25

12

3

50

50

50

25

12

12

25

25

12

3

12

12

Table 5.5. Antibacterial activities of some of the citropin peptides Írom Litoria citropa, in comparison

with the antibacterial activities of caerin 1.1 and maculatin 1.1. lnactive in this context means the

activity is > 100 pg/ml. Where there is no figure listed the MIC value is > 100 pg/ml.
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Citropins 1.1, 1.2 and 1.3 showed potent antibacterial activity against the majority of test

microorganisms. The antibacterial activity of these three citropin peptides is comparable to

those of caerin 1.1 and maculatin 1 .1 . These three citropin peptides showed more pronounced

wide-spectrum antibacterial activity against gram-positive than gram-negative

microorganisms. None of the citropin 2 or citropin 3 peptides showed significant activity

against the pathogens tested.

Citropins 1.1, 1.2 and 1.3 have only 16 amino acid residues. Amphibian peptides so far

reported from the genus Litoria that have displayed antibacterial activity contain at least 20

amino acidresidues. For example, caerin 1.1 andmaculatin 1.1 consist of 25 and 2l amino

acids respectively. This length prerequisite is important in order to comply with the 'barrel-

stave' model of peptide antibacterial action, as described in section 1.2c. The citropin 1

peptides cannot span the entire width of the phospholipid bilayer of a bacterial cell wall' So

the 'barrel-stave' model cannot explain their antibacterial activity.

5.2f. The 'carpet-like' mechanism

The 'carpet-like' model of antibacterial activity may explain the observed biological activity

of the citropin 1 peptides o. This 'non-channel' forming mechanism is supported by the fact

that relatively short peptides, consisting of only 12 -15 amino acids in length, have shown to

display antibacterial activity t. This mechanism (Figure 5.11) is initially similar to that of the

'barrel-stave' mechanism, in that the peptides aggregate and bind in a parallel conformation to

the negatively charged phospholipids of the bacterial cell membrane. The amphiphilic o-

helical peptides then align themselves in such a manner that the positive charges of the basic

amino acids interact with the negatively charged phospholipid head groups. The peptides then

partially insert into the membrane by reorienting themselves so that their hydrophobic

residues can interact with the hydrophobic core of the membrane, while the hydrophilic

residues interact with both the polar head groups of the membrane and the aqueous solution.
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Consequently, the lipid bi-layer expands and weakens in order to accommodate the bound

peptides, When a threshold concentration is reached, the membrane is considerably weakened

and disrupted, resulting in membrane penetration and ultimately the death of the cel16. In

order for the citropin 1 peptides to be acting via the carpet mechanism, the peptides must be

amphiphilic peptides with well-defined hydrophobic and hydrophilic zones.

f Hyoropnilic surfece

lnyorootrobic surface
Unstructured pepl¡de Amphiphilio peptide

'CarpetJike' model 'Barrel-stave' model

Membrane disruption Tra n smemb ra ne po re form ation

--

Bacterial cell membrane

cêtl

Figure 5.11. lllustration of the 'carpet-like' model, in comparison with the 'barrel-stave' model

141



- Resu/fs and Drscussion - Chapter 5

5.2g. Determination of structural conformation

The Edmundson helical wheel projections of the antibacterial citropins 1 show well defined

hydrophobic and hydrophilic zones. For example, that of citropin 1.1 is shown in Figure 5.12.

This suggests that citropins 1rl,l.2 and 1.3 may be amphiphilic a-helical peptides. This has

been confirmed by determining the tertiary structure of citropin 1.1 by nuclear magnetic

resonance (NMR) experiments.
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Figure 5.12. Edmundson projection of citropin 1.1. Note the well-defined hydrophobic and hydrophilic

regions represented respectively by the right and left-hand sides of the figure.
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The tertiary structure of citropin 1.1 has been determined using the solvent system of

trifluoroacetic and water (1:1)7, This structure is shown in Figure 5.13, confrrming the u-

helical structure with well-definecl hyclrophobic and hydrophilic zones'

Figure 5.13. Three-dimensional structure of citropin '1 .1

The Edmundson projections of the citropins 2 and 3 do not show well-deflrned hydrophilic

and hydrophobic zones. For example, the Edmundson projection of citropin 2.I.3 (Figure

5.14) indicates that hydrophobic and hydrophilic residues are scattered throughout an o-

helix. The citrop in 2 and 3 peptides are prevented from forming ideal o-helices as they

contain central Gly and/or Pro residues. The presence of these residues destabilises the overall

helical formations. By way of illustration, citropin 2.L3 contains Gly at positions 4, 7 , l1 and

12 together with pro at position 20. These observations may explain why the citropins 2 and

3 do not exhibit signif,rcant antibacterial activity, when compared to citropins 1.1, 1.2 and

1.3.
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Figure 5.14. Edmundson projection of citropin 2.1.3.

5.2h. Synthetic modifications

Several synthetic modifications of citropin 1.1 have been prepared in order to investigate the

significance of these changes onthe overall antibacterial activity of cihopin 1.1. The results

are summarised in Table 5.6. Substituting Alaa for Aspa marginally increased antibacterial

activity, while replacement of LysT by AlaT significantly reduced the antibacterial activity of

the peptide. The valine residue at position 12 appeared to be important for antibacterial

activity as replacement of Valr2 for Lysrz gteatly reduced most of the activity against each

microorganism except for Leuconostoc lactis, which remained essentially the same.

Replacement of Glyta for Lysra increased the antibacterial activity against Esherichia coli.
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Antibacterial activity

Citropin 1.1

Citropin 1.1 mod 1

Citropin 1.1 mod 2

Citropin 1.1 mod 3

Citropin 1.1 mod 4

Citropin 1.1 mod 5

Citropin 1.1 mod 6

Citropin 1.1 mod 7

citl
m1

m2

m3

m4

m5

m6

m7

GLFDVIKKVASVIGGL (NH,)
GLFEVIKKVASVIGGL (N H,)
GLFAVIKKVASVIGGL (N H,)
GLFDVIAKVASVIGGL (N H,)
GLFDVIKKVASKIGGL (N H,)
GLFDVIKKVASVIKGL (NH,)
GLFDVIKKVASKIKGL (N H,)
GLFDVIKKVASVIKKL (NH,)

active

active

active

slightly active

slightly active

active

slightly active

active

Bacillus cereus
Escherichia coli
Leuconostoc lactis
Listeria innocua
Micrococcus luteus
Pasteurella multocida
Staphylococcus aureus
Staphylococcu s e pide rmi dis
Sfrepfococcus ubens

25
12
25

25
12
25

100
100
100

100
100

100
100

Cit1.1 m1 m2
MIG (¡rg/ml)
m3 m4

100

25 12

100

m6 m7m5

50
3

25
25

25
25
25

50

6
25
12

50
100

6
50
50
100
100
50
50

25
100

3
25
12

6
100

100

50
3

50
50
100
100
12
50

Table 5.6. Antibacterial activities of citropin 1.1 and seven synthetically modified citropin peptides

Where there is no figure listed the MIC value is > 100 pg/ml.

5.2i. Gonclusions

This research has investigated the citropin peptides from the skin secretions of Litoria citropa.

Three distinct groups of citropin peptides have been discovered, namely, the citropins 1, 2 and

3. These peptides have no similarity',¡/ith any other reported peptides from the Litoria genus e.

Peptide material was obtained from both the dorsal and the submental glands. Both glands

ìwere shown to secrete the same 15 peptides, but in addition, the dorsal glands produced four

peptides not contained in the submental gland.

Citropins Ll, 1.2 and 1.3 are the major peptides produced by both the dorsal and submental

glands: they are amphiphilic antibacterial peptides. The antibacterial potency of the citropin

peptides is similar to that of caerin 1.1 and maculatin 1.1. The citropin 1 peptides are the

simplest amphibian antibacterial peptides reported to date. Structurally, the citropins 1 contain

the hydrophilic residues Aspa, Lys7, Lyst and Serrr. They differ only in their nature of the

hydrophobic residues at positions 5, 6, 12 and 13. Endoproteases that are secreted together
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with the skin peptides are known to deactivate the major antibacterial peptides of other

amphibians, usually within a period of 5-30 minutes to. For example, caerin 1.1 and maculatin

l.l are secreted together with endoproteases that remove the first two amino acid residues

from the N-terminal end of the peptide, deactivating the antibacterial activity tt' ". The same

scenario holds for the citropins 1. For example, the citropins 1.1.1, 1.1.2,I.2.1 and L2.2 arc

degradation products: they exhibit no antibacterial activity.

The citropin2 and3 peptides showed no significant antibacterial activity against the range of

tested pathogens. The citropin 3 peptides are unusual in structure since their sequence

commences with Asp. The only other reported amphibian peptides that commence with Asp

are the hylambin and kassinin peptides, which both belong to the tachykinin family of

neuropeptides: these show no structural relationship with the citropins 3 r'. The anionic nature

of the citropin 3 peptides suggests a possible function as spacer peptides for the inactive pro-

citropin peptides, although this is just a proposal at this juncture and has not been proven. The

biological roles of the citropin 2 are qxrently unknown.

Finally, the roles of the four extra citropin peptides produced by the dorsal glands are also

unknown, particularly as to why they are only found within the dorsal gland secretion but

absent in the submental gland secretion. The four peptides are structurally similar to citropin

1.1 and citropin 1.2, with the only difference being the presence of two additional residues in

each case. There is a possibility that these peptides may function as neuropeptides or

pheromones, but this has not been proven and the biological activity for these particular

peptides remains to be determined.
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5.3. Experimental

5.3a. Cotlection and preparation of Libria citropa secretions

The skin secretions from Litoria citropø were provided courtesy of Associate Professor Mike

Tyler, Department of Environmental Biology, University of Adelaide. The secretions were

obtained by the SES method, as described in section 2.3a. The resulting secretion was washed

off the skin with water (distilled 25 ml). Methanol (25 ml) was immediately added to the

aqueous extract, the mixture centrifuged, and concentrated to approximately I ml. Samples

were taken separately from both dorsal and submental glands of Litoria citropa. This

procedure provides, on average, some 5 mg of solid material from the dorsal glands and 3 mg

from the submental gland.

5.3b. HPLG separat¡on

HPLC separation was achieved for each sample using a VYDAC C* Protein and Peptide

(21STP54) reverse phase column equilibrated with l0o/o acetonitrile/aqueous 0.1% TFA.

Additional purification was achieved using an elution profile of 40-55% acetonitrile over a

period of 60 minutes. Each sample was filtered through a Millipore 0.45 pm filter and injected

onto the column. The conditions for the various HPLC chromatograms represented in this

chapter are as follows:

Figure 5.3 and 5.4. The elution profiles increased from 10-75%o acetonítnle over a period of

60 minutes using a flow rate of 1 mVmin.

5.3c. Mass spectrometry analYsis

Electrospray mass spectra were determined using a Finnigan LCQ ion trap mass spectrometer.

The samples were dissolved in methanolJwater (l:l) and infused into the electrospray source

at a flow rate of 8 pVmin. Collision activation mass spectral data were obtained using

collision energy of 30-45 o/o. Electrospray conditions were as follows: source voltage 4.2 kY,

source current 17 ¡tA, capillary temperature200"C, capillary voltage 3V and sheath gas flow
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30 psi. Mass spectra were acquired with the automatic gain control on, a maximum ion time

of 550 milliseconds, and using 5 microscans per scan, averaging over approximately 20 scans.

Molecular weights of the peptides were determined from the MH* or [M+2H]'* ions.

5.3d. Additional information

The remaining procedures are identical to those described elsewhere, as detailed in the table

below.

Procedure Section in which it is described

Methylation of peptides

Enzyme digestion using Lys-C

Antibacterial testing

Preparation of synthetic peptides

Automated Edman sequencing

Section 2.3d (page74)

Section 2.3e (page 75)

Section 2.39 (page 76)

Section 2.3h (page 76)

Section 2.3i (page 76)

148



- References - Chapter 5

5.4. References

I Barker, J., Grigg, G. and Tyler, M.J., in A field guide to Australian frogs (Surrey Beatty,

Norton, NS'W, 1995).

' TyIer, M.J., in Encyclopaedia of Australian animals (ed. Strahan,R.) 3-42 (Harper Collins,

London, UK,1992).

' Tyler, M. J., Stone, D. J. and Bowie, J.H., J. Pharm. Toxicol. Methods,28,199-200 (1992)

o Shai, Y., Trends. Biochem. Íci.,20,460-464 (1995).

t Andreu, D., Merrifield, R.8., Steiner, H. and Boman, H.G., Biochemistry, 24, 1683-1688

(re85).

u Gazit,E., Boman,4., Boman, H.G. and Shai, Y.,Biochemistry,34,ll479-11488 (1995)

t'Wegener, K.L.,'Wabnitz, P.4., Carver, J.4., Bowie, J.H., Wallace, J.C. and Tyler, MJ., Eur.

J. Biochem., (1999), in press.

t'Wong, H., Bowie, J.H. and Carver, J.A., Eur. J. Biochem.,247,545-557 (1997).

e Bowie, J.H., Chia, B.S.C. and Tyler, M.J., Pharm. News., 6, 16-21 (1998).

r0 Resnick, N., Maloy, W., Crut, H. and Zasloff,M., Cell,66,54I-549 (1991).

t' Steinborner, S.T., 'Waugh, R.J., Bowie, J.H., Tyler, M.J. and'Wallace, J.C., J. Peptide Sci.,

3, 181-185 (1997).

t'Rozek, T., 'Waugh, R.J., Steinbomer, S.T., Bowie, J.H., V/allace, J.C. and Tyler, M.J., I
Peptide Sci., 4, I 1 1-1 15 (1998).

t'Lazarus, L. H. and Attila, M., Prog. Neurobiol.,4l,473-507 (1993).

149



- Introduction - Chapter 6

CHAPTER 6. Caerulein-like peptides from Litoria citropa

6.1. Introduction

6.1a. General

Caerulein, a decapeptide, was first isolated in the late 1960s from the skin extracts of the

Australian tree frog Litoria caerulea t' '. Since then, a relatively small number of peptides

with structures analogous to that of caerulein have been discovered from various amphibian

species around the world '' o. Consequently, a new family of peptides evolved, known as the

caeruleins. The caerulein family of peptides is characterised by a post-translated tyrosine

sulfate residue and exhibits a spectrum of biological activities similar to the mammalian

intestinal peptide hormones gastrin and cholecystokinin (CCK) t. The structural similarities

existing between caerulein, gastrin II and CCK can be seen below in Table 6.1. Caerulein

peptides that are de-sulfated are reported to lose their neurological activity, indicating the

importance of the sulfate group in terms of the neuropeptide activity within this family of

peptides s.

Peptide Sequence

Caerulein

C-terminal octapeptide of CCK

C-terminal hexapeptide of gastrin ll

pGlu Gln Asp Tyr(SO.) Thr Gly Trp Met Asp Phe (NH')

- Asp Tyr(SO.) Thr Gly Trp Met Asp Phe (NHr)

- Tyr(SO.) Gly Trp Met AsP Phe (NH')

Table 6.1. Structural comparison between caerulein, gastrin ll and CCK.

Caeruleins are biologically active within living systems. Specifically, they modify the

biological activities in vivo of sedation, anti-nociception 
- 

and thermoregulation 6. Caerulein is

also an analgaesic as is CCK. Caerulein is several thousand times more potent than morphine

'Anti-nociception is the mechanism whereby harmful stimuli are inhibited from being transmitted to the central

nervous system.
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as an analgaesic, but has no affinity for the opioid receptors within the CNS s.

Caerulein itself has been subjected to extensive pharmacological investigation u. It has been

shown to display an extremely powerful action on the muscular wall of the gall bladder. In

terms of concentration, caerulein was sixteen times more potent than CCK and one hundred

and seventy times more potent than gastrin II in contracting the gall bladder 6. Caerulein has

been used clinically on humans in the treatment of cholecystography and cholangiography-.

Caerulein also stimulates the smooth muscle of the gastrointestinal tract, and has been used in

the clinical treatment of patients suffering from post-operative paralysis of the abdomen s' u.

For clinical pulposes, caerulein is administered either intravenously or by intramuscular

injection. Interestingly, it has been demonstrated that even the C-terminal dipeptide of

caerulein, Asp Phe OIH2), displays pharmacological effects on intestinal smooth muscle

prcparations 6.

To date, the HPLC peptide profiles of both the dorsal and submental secretions of Litoria

citropa display a group of unidentified fractions close to that containing caerulein. These

unknown fractions were suspected to be caerulein-like neuropeptides.

Therefore, the aims of the research presented in this chapter are:

(Ð To separate and characterise the new fractions discovered within the caerulein region

of the skin secretion peptide profile of Litoria citropa.

(iÐ To investigate the biological activities of any new peptides found.

' Cholecystography and cholangiography are surgical procedures by which radiological images of the gall

bladder and the bile duct are obtained
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6.2. Results and Discussion

6.2a. General

Initially, the first two fractions of the Litoria citropa skin peptide profile, revealed in both

HPLC peptide profiles of dorsal and submental skin secretions, appeared to consist ofjust two

individual peptide fractions. These two fractions, which are labelled A and B, are shown in

Figure 6.1. Subsequent HPLC separation revealed that a number of peptides were

incorporated within each of the two larger fractions.

100

40

Tlme (min)

Figure 6.1. HPLC chromatogram from the crude secretions of Litoria citropa, indicating the fractions A

and B. HPLC chromatogram taken from the dorsal secretion. However, fractions A and B are also

present in the chromatõgram taken from the submental secretion. (See Experimental section for

details).

6.2b. HPLC analys¡s of fraction A

Additional separation and purification of fraction A exposed a total of eight peptide fractions

within what was originally thought to be just one fraction. The resulting HPLC chromatogram

derived from fraction A (Figure 6.2) indicated the presence of four major fractions (b, c, f and

g) and four minor fractions (a, d, e and h). The relative abundances and corresponding

retention times of these fractions are summarised in Table 6.2. Each fraction was then

subjected to further purification by HPLC. The fractions were then ready for structural

analysis.
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l0 20

Tlme (min)

Figure 6.2. HPLC separation of fraction A. (See Experimental section for details).

HPLC fraction Retention time (minutes) Relative abundance (percent)

8.50

8.72

9.77

10.45

40

75

100

40

12.30

13.10

13.91

14.95

Table 6.2. Relative abundances and retention times of fraction A, as summarised from the

chromatogram represented in Figure 6.2.
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6.2c. HPLG analysis of fraction B

Additional separation and purification of fraction B also resulted in the separation of eight

peptides. The resulting HPLC chromatogram derived from fraction B (Figure 6.3) indicated

the presence of four major fractions (i, k, n and o) and four minor fractions (i, l, m and p).

The relative abundances and corresponding retention times of these fractions are summarised

in Table 6.3. Further separation and purification by HPLC was again performed on each

fraction, to yield eight pure peptides.

l0 20 30

Time (min)

Figure 6.3. HPLC separation of fraction B. (See Experimental section for details).
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Retention time (minutes) Relative abundance (percent)

15.73 50

70

95

45

40

85

100

45

15.95

16.10

16.80

18.05

18.45

18.60

19.00

Table ô.3. Relative abundances and retention times of fraction B, as summarised from the

chromatogram represented in Figure 6.3.

6.2d. Structural analysis of peptides derived from fraction A

Structural determination of all peptide fractions was carried out by ESMS experiments. The

molecular weights were determined by ESMS in the positive mode. Metþlation experiments

together with ESMS identified all C-terminal end groups, and gave an indication of the

number of the CO2H and CONH2 groups within the peptides. Lys-C digestion experiments

together with ESMS differentiated between Lys and Gln residues. Collision activation mass

spectra (MS/\4S) of the parent ions, and of the daughter ions (MS/ÌMS/I\{S), determined the

full sequence of all peptides presented in this chapter.

k

m

n

o

p
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The structural analysis results of the peptides a-h, as derived from fraction A of the Litoria

citropa skin secretions, are recorded in Table 6.4. Details of the structural determination of

these peptides are listed in Table 6.5.

HPLG
fraction

MW Sequence

a

b

c

d

e

f

g

h

1425

1 390

1 368

1406

pGlu Gln Asp Ty(SO') Gly Thr Gly Trp Phe Asp Phe (NHr)

pGlu Gln Asp Tyr(SO.) Thr Gly Ala His Phe Asp Phe (NHr)

pGlu Gln Asp Tyr(SO.) Thr Gly Trp Phe Asp Phe (NHr)

pGlu Gln Asp Tyr(SOr) Thr Gly Ser His Phe Asp Phe (NHr)

pGlu Gln Asp Tyr Gly Thr Gly Trp Phe Asp Phe (NH')

pGlu Gln Asp Tyr Thr Gly Ala His Phe Asp Phe (NHr)

pGlu Gln Asp Tyr Thr Gly Trp Phe Asp Phe (NH')

pGlu Gln Asp Tyr Thr Gly Ser His Phe Asp Phe (NHr)

1 345

1310

1288

1326

Table 6.4. Sequences of pept des so ated and characterised from fraction A

The results identified fraction c as Phes-caerulein, identical to that isolated from Litoria

splendida (see chapter 3). The remaining seven peptides are unique and have not been

reported in any other living system. The two peptide gfoups, a-d and e-f, are related by the

presence or absence of the sulfate group on the tyrosine residue. We are awaiting advice from

our collaborator Vittorio Erspamer before we formally name these peptides'
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Fraction a [MH* 14251

Methylation gives a methyl ester, MH. 1435 (one pGlu, one Tyr (SOr), two CO2H and two

CONH2 groups). NB: Should observe MH. 1515 after methylation. However, the SOt

functionality is cleaved from the tyrosine in acidic conditions.

MH' 1425 'B ions' m/z 1408, 1261 , 1146,999, 813, 756

MS/MS [GlY TrP Phe AsP Phe (NHr)]

'Y+2 ions' m/z 1425, 1314, 1186, 1071, 828,771,
670,613,427

Sequence [pGlu Gln Asp Tyr(SO.) Gly Thr Gly Trp]

Negative ion CA MS/MS gives predominantly m/21423 and 1343, indicating a pronounced

loss of 80 Da (SO').
Full sequence of fraction a aS determined from mass spectrometric data is:

pGlu Gln Asp Tyr(SO') Gly Thr Gly Trp Phe Asp Phe (NH')

Fraction b [MH. 1390]

Methylation gives a methyl ester, MH. 1400 (one pGlu, one Tyr (SO.), two COrH and two

CONH2 groups). NB: Should obse¡ve MH. 1480 after methylation. However, the SO.

functionality is cleaved from the tyrosine in acidic conditions.

MH. 1390 'B ions' m/z 1373, 1226, 1111, 964, 827 ,756,
MS/MS 699

lGly Ala His Phe AsP Phe (NH')l
'Y+2 ions' m/z 1390, 1279, 1151, 1036, 793, 692,

635,564,427
Sequence [pGlu Gln Asp Ty(SO') Thr Gly Ala His]

Negative ion GA MS/MS gives predominantly m/z 1388 and 1308, indicating a pronounced

loss of 80 Da (SO.).

Full sequence of fraction b as determined from mass spectrometric data is:

pGlu Gln Asp Tyr(SO') Thr Gly Ala His Phe Asp Phe (NH')

Fraction c (Phe8-Gaerulein) [MH. 1368]

Methylation gives a methyl ester, MH. 1378 (one pGlu, one Ty(SO.), two COtH and two

CONH2 groups). NB: Should observe MH. 1458 after methylation. However, the SO.

functionality is cleaved from the tyrosine in acidic conditions.

[MH. -SO3] 1288 'B ions' m/z 1271, 1124, 1009, 862

MS/MS [Phe AsP Phe (NH')]
'Y+2 ions' m/z 1288, 1177, 1049, 934, 771, 670,

613,427
Sequence [pGlu Gln Asp Tyr Thr Gly Trp]

Negative ion CA MS/MS gives predominanlly m/z 1366 and 1286, indicating a pronounced

loss of 80 Da (SO.).

Full sequence of fraction c as determined from mass spectrometric data is:

pGlu Gln Asp Tyr(SO.) Thr Gly Trp Phe Asp Phe (NHr)

Table 6.5. MS data for peptides isolated from fraction A.
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Fraction d [MH. 1406]

Methylation gives a methyl ester, MH. 1416 (one pGlu, one Tyr (SO.), two COrH and two

CONH, groups). NB: Should observe MH. 1496 after methylation. However, the SO.

functionality is cleaved from the tyrosine in acidic conditions.

MH. 1406 'B ions' m/z 1389, 1242, 1127,980, 843, 756,

MS/MS 699

[Gly Ser His Phe AsP Phe (NH')]

'Y+2 ions' m/z 1406, 1295, 1167, 1052, 809, 708,

651, 564

Sequence [pGlu Gln Asp Ty(SO') Thr Gly Ser]

Negative ion CA MS/MS gives predominantly m/z 1404 and 1324, indicating a pronounced

loss of 80 Da (SO.).

Full sequence of fraction d as determined from mass spectrometric data is:

pGlu Gln Asp Tyr(SOr) Thr Gly Ser His Phe Asp Phe (NHr)

Fraction e [MH* 1345]

Methylation gives a methyl ester, MH. 1435 (one pGlu, two CO.H and two CONH2 groups).

MH. 1345 'B ions' m/z 1328, 1181, 1066, 919, 733, 676,

MS/MS 575,518

lGly Thr GIY TrP Phe AsP Phe (NHr)l

'Y+2 ions' m/z 1345, 1234, 1106, 991 , 828, 771,

670

Sequence [PGlu Gln AsP TYr GIY Thr]

Full sequence of fraction e as determined from mass spectrometric data is:

pGlu Gln Asp Tyr Gly Thr Gly Trp Phe Asp Phe (NHr)

Fraction f [MH. 13f 0]

Methylation gives a methyl ester, MH. 14OO (one pGlu, two CO2H and two CONH2 groups)

MH. 1310 'B ions' m/21293,1146,1031,884,747,676,

MS/MS 619,518

[Thr GIY Ala His Phe AsP Phe (NH')]

'Y+2 ions' m/21310, 1199, 1071,956,793,692

Sequence [PGlu Gln AsP TYr Thr]

Full sequence of fraction f as determined from mass spectrometric data is:

pGlu Gln Asp Tyr Thr Gly Ala His Phe Asp Phe (NHr)

Table 6.5. (Continued)
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Fraction g [MH. 1288]

Methylation gives a methyl ester, MH* 1378 (one pGlu, two COrH and two CONH2 groups)'

MH. 1288 'B ions' m/z 1271, 1124, 1009, 862,

MS/MS [Phe AsP Phe (NHr)]

'Y+2 ions' m/z 1288, 1177, 1049, 934, 771, 670,
613,427

Sequence lpGlu Gln Asp Tyr Thr Gly Trp]

Full sequence of fraction g as determined from mass spectrometric data is:

pGlu Gln Asp Tyr Thr Gly Trp Phe Asp Phe (NH')

Fraction h [MH. 1326]

Methylation gives a methyl ester, MH. 1416 (one pGlu, two COzH and two CONH2 groups)'

MH. 1326 'B ions' m/z 1309,1162,1047,900, 763, 676

MS/MS [Ser His Phe AsP Phe (NHr)]

'Y+2 ions' m/z 1326, 1215, 1087, 972, 809, 708,
651,564

Sequence [pGlu Gln Asp Tyr Thr Gly Ser]

Full sequence of fraction h as determined from mass spectrometric data is:

pGlu Gln Asp Tyr Thr Gly Ser His Phe Asp Phe (NH.)

Table 6.5. (Continued)
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6.2e. Structural analysis of peptides derived from fraction B

The structural analysis results of the peptides i-p, as derived from fraction B of the Litoria

citropa skin secretions, are recorded in Table 6.6. Details of the structural determination of

these peptides are listed in Table 6.7. Three examples of the CA MS/\4S spectra that were

obtained from this section arc shown in Figures 6.4,6.5 and 6.6.

HPLC
fraction

MW Sequence

k

1409

1374

1352

1 390

1329

1295

1272

1310

pGlu Gln Asp Tyr(SO.) Gly Thr Gly Trp Met Asp Phe (NHr)

pGlu Gln Asp Ty(SO.) Thr Gly Ala His Met Asp Phe (NHr)

pGlu Gln Asp Ty(SO') Thr Gly Trp Met Asp Phe (NH.)

pGlu Gln Asp Tyr(SO.) Thr Gly Ser His Met Asp Phe (NHr)

pGlu Gln Asp Tyr Gly Thr Gly Trp Met Asp Phe (NH')

pGlu Gln Asp Tyr Thr Gly Ala His Met Asp Phe (NH')

pGlu Gln Asp Tyr Thr Gly Trp Met Asp Phe (NHr)

pGlu Gln Asp Tyr Thr Gly Ser His Met Asp Phe (NHr)

m

n

o

p

Tab e 6.6. Sequences of pept des so ated and characterised from fract on B

These results identified fraction k as caerulein. The other seven peptides have not been

reported previously. As with the peptides derived from fraction A, the two peptide groups (i-l

and m-p) differ in structure by the presence or absence of the sulfate group on the tyrosine

residue. Three of the desulphated peptides were synthesised commercially by Chiron

Mimotopes. They are identical with the isolated peptides, as evidenced by their ESMS and

HPLC characteristics. These peptides have not been formally named.
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Figure 6.4. Negative ion CA MS/MS of [M-H]- (m/z 1373) ion of fraction j. Note the loss of 80 Da. (See

Experimental section for full details).
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Figure 6,S. positive CA MS/MS of the [MH. -SO.] ion of fraction i (m/z 1295). The sequence above the

spãctrum is determined by the'B'fragmentations, while underneath is the sequence determined by the

'Y+2'fragmentations. (See Experimental section for full details).
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Figure 6.6. positive CA MS/MS of the [MH. -SO.] ion of caerulein (m/z 1272). The sequence above the

spãctrum is determined by the'B'fragmentations, while underneath is the sequence determined by the

'Y+2'fragmentations. (See Experimental section for full details).
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Fraction¡[MH.f409]

Methylation gives a methyl ester, MH. 1419 (one pGlu, one Ty(SO3), two COrH and two

CONH2 groups). NB: Should observe MH' 1499 after methylation. However, the SO.

functionality is cleaved from the tyrosine in acidic conditions.

MH. 1409 'B ions' m/z 1392,1245,1130, 999, 813, 756,

MS/MS 655

lThr GIY TrP Met AsP Phe (NH')l

'Y+2 ions' m/z 1409,1298,1170,1055, 812,755

[pGlu Gln AsP TYr(SO.) GIY]

Negative ion CA MS/MS gives predominantly m/21407 and 1327, indicating a pronounced

loss of 80 Da (SO.).

Full sequence of fraction i as determined from mass spectrometric data is:

pGlu Gln Asp Tyr(SO.) Gly Thr Gly Trp Met Asp Phe (NHr)

Fraction j [MH. 13741

Methylation gives a methyl ester, MH* 1384 (one pGlu, one Tyr(SO.), two COrH and two

CONfu, groups). NB: Slrould observe MH. 1464 after methylation. However, the SO.

functionality is cleaved from the tyrosine in acidic conditions'

MH. 1374 'B ions' m/z 1357,1210,1095, 964,827,756

MS/MS [Ala His Met AsP Phe (NHr)]

'Y+2 ions' m/z 1374, 1263, 1135, 1020, 777, 676,
619,548

lpGlu Gln AsP TY(SO.) Thr GIY Alal

Negative ion CA MS/MS gives predominantly m/21373 and 1293, indicating a pronounced

loss of 80 Da (SO.).

Full sequence of fraction j as determined from mass spectrometric data is:

pGlu Gln Asp Tyr(SO.) Thr Gly Ala His Met Asp Phe (NH')

Fraction k (Gaerulein) [MH. 13521

Methylation gives a methyl ester, MH. 1362 (one pGlu, one Tyr(SO.), two COzH and two

CONil, groups). NB: Should observe MH. 1442 after methylation. However, the SOt

functionality is cleaved from the tyrosine in acidic conditions.

MH. 1352 'B ions' m/z 1335, 1 188, 1073, 942,756

MS/MS [TrP Met AsP Phe (NHr)]

'Y+2 ions' m/z 1352, 1241, 1113, 998, 755, 654,

597

lPGlu Gln AsP TYr(SO.) Thr GlYl

Negative ion CA MS/MS gives predominantly m/21350 and 1270, indicating a pronounced

loss of 80 Da (SO.).

Full sequence of fraction k as determined from mass spectrometric data is:

pGlu Gln Asp Ty(SO.) Thr Gly Trp Met Asp Phe (NHr)

Table 6.7. MS data for peptides isolated from fraction B
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Fraction I [MH. 1390]

Methylation gives a methyl ester, MH. 1400 (one pGlu, one Tyr(SO.), two CO2H and two

CONH. groups). NB: Should observe MH. 1480 after methylation. However, the SO.

functionality is cleaved from the tyrosine in acidic conditions.

MH. 1390 'B ions' m/z 1373, 1226,1111, 980

MS/MS [Met AsP Phe (NH')]

'Y+2 ions' m/z 1390, 1279, 1151, 1036, 793,692,
635

[pGlu Gln AsP TYr(SO.) Thr GIY]

Sequence pGlu Gln Asp Tyr(SO.) Thr Gly - Met
Asp Phe (NHr)

m/21151 'B ions' m/21134,987,872,741,604,517
MS/MS/MS [Ser His Met Asp Phe (NH')]

'Y+2 ions' m/21151, 1036,793,692,635,548

[Asp Ty(SO.) Thr GIY Ser]

Sequence Asp Ty(SO.) Thr Gly Ser His Met Asp
Phe (NHr)

Negative ion CA MS/MS gives predominantly m/21388 and 1308, indicating a pronounced

loss of 80 Da (SO.).

Full sequence of fraction I as determined from mass spectrometric data is:

pGlu Gln Asp Tyr(SOr) Thr Gly Ser His Met Asp Phe (NHr)

Fraction m [MH* 1329]

Methylation gives a methyl ester, MH. 1419 (one pGlu, two CO2H and two CONH2 groups).

MH. 1329 'B ions' m/z 1312, 1165, 1050, 919, 733, 676

MS/MS [GlY TrP Met AsP Phe (NHr)]

'Y+2 ions' m/z 1329,1218,1090, 975,812

[pGlu Gln AsP TYr]

Sequence pGlu Gln Asp Tyr - Gly Trp Met Asp

Phe (NHr)

m/z1O9O 'B ions' m/z 1073,926, 811, 680

MS/MS/MS [Met AsP Phe (NHr)]

'Y+2 ions' m/z 1090,975, 812,755,654,597,411

[Asp Tyr GIY Thr GIY TrP]

Sequence Asp Tyr Gly Thr Gly Trp Met Asp

Phe (NHr)

Full sequence of fraction m as determined from mass spectrometric data is:

pGlu Gln Asp Tyr Gly Thr Gly Trp Met Asp Phe (NH')

Table 6.7. (Continued)
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Fraction n [MH* 1295]

Methylation gives a methyl ester, MH. 1385 (one pGlu, two CO2H and two CONH2 groups)'

MH. 1295 'B ions' m/z 1277 , 1 130, 1015, 884,747 , 676,

MS/MS 619

[Gly Ala His Met AsP Phe (NHr)]

'Y+2 ions' m/z 1295, 1183, 1055, 940, 777, 676,
619,548

lpGlu Gln AsP TYr Thr GIY Alal

Full sequence of fraction n aS determined from mass spectrometric data is:

pGlu Gln Asp Tyr Thr Gly Ala His Met Asp Phe (NH.)

Fraction o [MH. 12721

Methylation gives a methyl ester, MH* 1362 (one pGlu, two CO2H and two CONH2 groups).

MH. 1272 'B ions' m/z 1255, 1 108, 993, 862, 676, 619, 518

MS/MS [Thr GIY TrP Met AsP Phe (NHr)]

'Y+2 ions' m/z 1272, 1161, 1033, 918, 755, 654,

597

[pGlu Gln AsP TYr Thr GIY]

Full sequence of fraction o as determined from mass spectrometric data is:

pGlu Gln Asp Tyr Thr Gly Trp Met Asp Phe (NHr)

Fraction p [MH. 1310]

Methylation gives a methyl ester, MH. 1400 (one pGlu, two CO2H and two CONH2 groups).

MH. 1310 'B ions' m/z 1293,1146,1031, 900

MS/MS [Met AsP Phe (NH')]

'Y+2 ions' m/z 1310, 1199, 1071, 956, 793, 692,
635

lpGlu Gln AsP TYr Thr GlYl

Sequence pGlu Gln Asp Tyr Thr Gly - Met Asp

Phe (NHr)

m/21071 'B ions' m/21054,907,792,661,524,437
MS/MS/MS [Ser His Met AsP Phe (NHr)]

'Y+2 ions' m/z 1071, 956, 793,692,635, 548

[Asp Tyr Thr GIY Ser]

Sequence Asp Tyr Thr Gly Ser His Met Asp

Phe (NH')

Full sequence of fraction p as determined from mass spectrometric data is:

pGlu Gln Asp Tyr Thr Gly Ser His Met Asp Phe (NHr)

Table 6.7. (Continued)
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6.2f. Gonclusions

This research has uncovered sixteen caerulein-like peptides, of which fourteen are new and

not reported from any other known living system. All of these peptides, which were isolated

from the skin peptide profile of Litoria citropa, closely resembled the structure of the

neuropeptide caerulein. The peptides isolated can be listed in two categories: (i) caerulein-like

peptides containing a post-translated tyrosine sulfate residue, and (ii) caerulein-like peptides

with a tyrosine residue minus the sulfate group. As mentioned earlier, caerulein-like peptides

that lack a sulfate group within the tyrosine residue have been reported to exhibit no

neuropeptide activity. Since the sulfated caerulein-like peptides from Litoria citropa all

closely represent caerulein, gastrin and CCK in structure, they are likely to exhibit a similar

spectrum of neurological activity. An enzqe that cleaves the sulfate group, consequently

deactivating the neuropeptide, may be a protective and deactivating mechanism used by the

anuran. This may explain why caerulein-like de-sulfated peptides are abundant within the

secretions of this amphibian'.

Secretions used for this research were obtained ftom Litoria citropa during the winter month

of July. As discovered and presented in chapter three, a pattern was observed within the

Litoria splendida secretions whereby Phe8-caerulein appeared to cycle seasonally throughout

the year. The abundance of Phe8--caerulein within Litoria splendida was at its greatest during

the winter periods and markedly decreased outside of this period. Unfortunately, this pattern

' There is no evidence to suggest that these peptides have been degraded on work up or by HPLC separation'

Neither caerulein nor Phes-caerulein is affected by these procedures.
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could not be established for Litoria citropa, as the sole specimen died during the period of this

research and a new specimen was unavailable.

All the caerulein-like peptides containing a post-translated tyrosine sulfate residue have

proved difficult to synthesise commercially, as the sulfate group cleaves when the peptide is

removed from the support. Currently, the synthesis and biological activity testing of the

caerulein-like peptides containing post-translated tyrosine sulfate residues is being undertaken

by the research group of Professor Vittorio Erspamer (La Sapienza, Rome). The biological

activities of these new caerulein-like peptides are therefore presently unknown, but it is

suspected that their neuropeptide activity will be similar to that of caerulein.
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6.3. Experimental

6.3a. Gollection and preparation ol Litoria citropa secretions

The skin secretions from adult Litoria citropa were provided courtesy of Associate Professor

Mike Tyler, Department of Environmental Biology, University of Adelaide. The secretions

were obtained by the SES method, as described in section 2.3a. The resulting secretion lvas

washed with water (distilled 25 ml). Methanol (25 ml) was immediately added to the aqueous

extract, the mixture centrifuged, and concentrated to approximately 1 ml. Secretions were

taken and combined from both dorsal and submental glands.

6.3b. HPLG separat¡on

HPLC separation was achieved for each sample using a VYDAC C* Protein and Peptide

(218TP54) reverse phase column equilibrated with l0o/o acetonitrile/ aqueous 0.1% TFA'

Additional purification was achieved using an elution profile of 20-45% acetonitrile over a

period of 60 minutes. Each sample was filtered through a Millipore 0.45 pm filter and injected

onto the column. The conditions for the various HPLC chromatograms represented in this

chapter are as follows:

Figure 6.1. The elution profile increased from 10-75Yo acetonitnle over a period of 40 minutes

using a flow rate of 1 ml/min.

Figure 6.2. The elution profile increased from 47 -56%o acetontffile over a period of 60 minutes

using a flow rate of I mVmin.

Figure 6.3. The elution profiles increased from 40-600/o acetonitnle over a period of 60

minutes using a flow rate of 1 mVmin.
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6.3c. Mass spectrometry analysis

Electrospray mass spectra were determined using a Finnigan LCQ ion trap mass spectrometer'

The samples rù/ere dissolved in methanoVwater (1:1) and infused into the electrospray source

at a flow rate of 12 yJlmín. Collision activation mass spectral data in the positive mode were

obtained using collision energy of 30%o.In the negative mode, collision energy of 35olo was

used. Electrospray conditions were as follows: source voltage 4.2kV, source current 18 pA,

capillary temperature200"C, capillary voltage 3V and sheath gas flow 30 psi. Mass spectra

were acquired with the automatic gain control on, a maximum ion time of 700 milliseconds,

and using 4 microscans per scan, averaging over approximately 25 scans. Molecular weights

of the peptides were determined from either MH* or [M-H]- ions as appropriate.

6.3d. Additional information

The remaining procedures are identical to those described elsewhere, as detailed in the table

below

Procedure Section in which it is described

Methylation of peptides

Preparation of synthetic peptides

Section 2.3d (page74)

Section 2.3h (page 76)
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CHAPTER 7. Neuronal Nitric Oxide Synthase lnhibition

Activity and Preliminary Anticancer Activity of the

Gitropin I PePtides

7.1. lntroduction

7.'la. Nitric oxide

The discovery that mammalian cells generate nitric oxide (NO), a gas previously considered

to be merely an atmospheric pollutant, has provided important insight concerning many vital

biological processes. In mammalian systems, NO is a major messenger molecule in the

cardiovascular, immune and nervous systemsl. The functions of NO throughout the human

body are very diverse. In the brain and peripheral nervous systems, NO displays the properties

of a neurotransmitter and it has been implicated in neurotoxicity associated with stroke and

various neurodegenerative diseases2. Within the central nervous system, NO has also been

considered as an important neurotransmitter involved with the phenomenon of memoq/.

Endogenous NO also regulates mammalian blood vessels as a vasodilator, and is involved

with the endothelial derived relaxing factor (EDRF), which regulates blood pressureo. Nitric

oxide also displays several important functions within the immune system. For example, in

macrophages- NO mediates tumouricidal and bactericidal actions by promoting cell-mediated

immune responses. Nitric oxide acts as a double-edged sword, beneficial as a messenger or

modulator and for immunological selÊdefense, but at the same time, potentially toxic as

illustrated in Table 7.1.

Nitric oxide is not stored in vesicles, but is synthesised on demandt. The actions of NO are

localised and areusually mediated by diffusion to intracellular targets rather than by binding

to specific plasma membrane receptors6. Nitric oxide has a very short half-life and

consequently breaks down within a few secondst.

' A macrophage is a mononuclear cell that has the ability to devour foreign material
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Toxin

Blood vessels

Heart

Lungs

Kidneys

Pancreas

Stomach

EDRF, antithrombotic, ischemic protection,

antiatherosclerotic, inhibition of smooth muscle
migration and proliferation, antiadhesive

Coronary perfusion, negative inotropic, ischemia

Ventilation promotion, bronchiociliar motility, mucus

secretion, immune defense

Septic shock, inflammation,
reperfusion injury, microvascular
leakage, atherosclerosis

Myocardial "stunning", sePtic
shock, reperfusion

lmmune complex-induced
alveolitis, silo fillers disease,
asthma

CNS

Tubuloglomerular feedback, glomerular perfusion,

rennin secretion

Synaptogenesis, synaptic plasticity, memory
formation, cerebral blood flow and ischemia,
neuroendocrine secretion, visual transduction,
olfaction

Endocrine/exocrine secretion

Blood flow, peristalsis, exocrine secretion, mucosal
protection, antibacterial

Acute kidney failure,
glomerulonephritis

Neurotoxic, proconvulsive,
migraine, hyperalgaesia,
reperfusion

p cell destruction

Mutagenesis, mucosal damage

lmmunesystem Antibacterial,antitumouragent Antiallograft, graft versus host
disease, inflammation, sePtic
shock, tissue damage

Table 7.1, NO as a double-edged sword: messenger and toxin

As NO cannot be stored in vesicles like many other chemical messengers, its release is

regulated by the activity of the enzqethat manufactures it, nitric oxide synthase (NOS)7'

7.1b. Nitric oxide synthase

Nitric oxide, one of the smallest (30 Da) and simplest biosynthetic products, is made by nitric

oxide synthase enzymes that are among the largest (ca 300 kDa) and most complicated yet

identified. NOS enzymes are dimeric in their natural state: their monomers themselves are two

enzymes fused togethers. The complexity of NOS enzymes involves several tightly bound

redox cofactors. These are organised into discrete domains and are associated with a particular

activity,. The NOS enzymes share significant homology with another enzyme known as
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NADPH. cytochrome P-450 reductase. The enzymes contain a cytochrome P-450-type heme

moiety, which is an essential feature of the synthesis of NOto. Three isotopic NOS enzymes

are known; viz. neuronal NOs (nNOS), endothelial NOs (eNOS) and inducible NOS (iNOS).

The three enzymes share the same basic structure and catalytic mechanism. Nitric oxide is

formed at the p-450 heme-containing, Hobiopterin-dependent oxygenase active site in the N-

terminal half of each NOS tt. The NOS enzymes catalyse the oxidation of L-arginine to form

L-citruline and NOt2. The C-terminal reductase domain binds flavin mononucleotide (FMN)

and flavin adenine dinucleotide (FAD) and passes reducing equivalents from NADPH to the

heme region. This activity requires the binding of a regulatory protein known as calmodulin

(CaM)10. All three enzymes are homodimeric, with the interface between subunits being

formed by the oxygenase domains.

The major differences between the enzymes relate to their tissue distribution and regulation'

Binding of CaM to nNOS and eNOS is calcium dependent, whereas iNOS binds CaM

independently of calciumr3. Each enzqe has a unique N-terminal sequence that appears not

to be strictly necessary for catalytic activity. In the cases of eNOS and nNOS, there is

evidence that the N-terminal domains function in the intracellular localisation of the

enzymes'.

Nitric oxide synthases are unique among eukaryotic enzymes in being dimeric, CaM-

dependent (or CaM-containing) cytochrome P-450-like hemoproteins that combine reductase

and oxygenase catalytic domains in one monomer, contain both FAD and FMN, and carry out

a 5-electron oxidation of L-arginine with the aid of the electron carrier (and reductant)

tetrahydrobiopterin (HoB) t'.

7.'lc. Inducible nitric ox¡de synthase

More than a century ago, it was shown that resistance to cancer could be enhanced in a

nonspecific manner by bacterial products, and that this phenomenon was linked to

macrophage interaction 1a. Recent evidence now suggests that this nonspecific immunity is

associated with the induction of NOS15. Almost every eukaryotic cell is able to express

calcium independent NOS (iNOS) during cell-mediated immune responses, which in itself is

' NADPH is the reduced form of nicotinamide adenine dinucleotide phosphate.
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always nonspecifict, As NO is effective against various microbes (bacteria, parasites and

viruses), tumour cells and alloantigens, it may be viewed as an immune modulatorlu' An

illustration of the cell-mediated immune response and cytotoxic mechanism of iNOS within a

macrophage is shown in Figure 7.1.

Macrophage Target Cell

Llpopoly-
saccharide

lnterferon
gâfflma

¡

Figure 7.1. Mechanism of ¡NOS action, leading to cytostasis and cytotoxicity' The activation of the

mãcrophage by lipopolysaccharide and/or interferon gamma results in the induction of the calcium-

independent rrrôs. This-induction, which is inhibited by glucocorticoids, results in the production of No.

The NO then diffuses to target cells such as tumour cells, bacteria, fungi and viruses. There the NO

combines with iron-sulfur centres of the key enzymes responsible for the target cells respiratory cycle

and pathway for DNA synthesis, causing inhibition. This then leads to cell death of the target cell'

Minus signs indicate inhibition.

7.'ld. Endothelial nitric oxide synthase

The endothelial nitric-oxide synthase (eNOS) is a crucial determinant of vascular

homeostasis,t. Endothelium-derived NO is a potent vasodilator that antagonises smooth

muscle contraction, antagonises all stages of platelet activation and inhibits platelet

adhesionr3. Calcium dependent CaM binding regulates the eNOS. An increase in intracellular

levels of calcium by specific extracellular signals leads to the activation of eNOS, which in

turn produces increased levels of NO. The mechanism of action of eNOS within a vascular

endothelial cell is illustrated inFigute 7 .2.
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Figure 7.2. Mechanism of eNOS action, leading to vascular relaxation. Sheer stress or receptor

activation of the vascular endothelium by bradykinin or acetylcholine results in the influx of calcium.

This increase consequenfly activates eNOS, wlrich then produces NO from L-arginine. Diffusion of No

to nearby smooth-muscle tells stimulates soluble guanylate cyclase (sGC), resulting in the increased

synthesiå of cyclic guanosine monophosphate (cGMP) from guanosine triphosphate (GTP). This

increase of cGMp in the smooth muscle cells leads to relaxation. Plus signs indicate stimulation.

7.1e. Neuronal nitric oxide synthase

Of all three enzymes, the nNOS enzqe is the most relevant to the research presented within

this chapter. 'Within the nervous system, NO functions as a neurotransmitter and as a

hormoneo. Its neuronal functions include peripheral neurotransmission in contractile and

secretory tissues, synaptogenesis, sensory input processing, synaptic plasticity and memory

formation. Excessive nNOS stimulation leads to an overproduction of NO that gives rise to a

variety of pathophysiological conditions that include migraine, epilepsy, cerebral ischemia

(that can lead to stroke), general neurotoxicity and other neurodegenerative diseasestt. The

mechanism of action of nNOS within a neuron is illustrated in Figure 7'3'
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Terminal of Presynaptic Neuron

Glutamate

Dendrite of PostsYnaPtíc Neuron

Figure 7.3. Mechanism of nNOS action, leading to increased neuronal activity. Glutamate released

trom tne presynaptic nerve terminal activates different types of receptors on the dendrites of the

postsynaptic neuron. Under normal conditions the o-amino-3-hydroxy-5-methyl-4-isoxazole propionate

(AMPA) receptors mediate most of the effects of the glutamate. During high-frequency synaptic

transmission, however, the N-methyl-D-aspartate (NMDA) receptors are activated. This then results in

an increase in intracellular calcium levels, which then stimulates the nNOS. The NO that is

consequently produced diffuses back to the presynaptic neuron, where it enhances the release of

glutamate. ihis increased level of glutamate release leads to a greater activation of postsynaptic

glutamate receptors, thereby increasing the effectiveness and neuronal activity of that particular

synapse. Plus signs indicate stimulation.

7.1f. Galmodulin

Calmodulin regulates and plays a central role in the activity of all the NOS enzynestt. This

l7-lÐaprotein serves as a calcium sensor in most eukaryotic cells, as it contains calcium-

binding sites within its overall structure. The binding sites of CaM each consist of a 29-

residue helix-loop-helix motif called the EF-hand that is responsible for high affinity calcium

bindingle. Calmodulin has four EF-hand domains, arranged as two pairs separated by an eight-

turn centrat helix (Figure 7.4). The binding of calcium to the four binding sites in CaM

induces conformational changes that convert it from an inactive to active formt6. Activated

CaM then binds to many enzymes (including the NOS enzymes) and other proteins in the cell
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and modifres their activities. In regards to the NOS enzymes, the crLlcial CaM interactiotl

functions as a molecular switch that allows electron transport from the C-terminal reductase

domain of the NOS to its heme containing N-terminal domain that then leads to effrcient

catalysislB,

Figure 7.4. Structure of calmodulin. The four bound calcium ions are shown in blue

7 .lg.Nitric oxide synthase mechan¡sm

The general reaction catalysed by the NOS enzymes is illustrated in Scheme 7.1. The

enzymes specifically utilise L-arginine as the substrate, with the final products of the reaction

being NO and citruline. As shown, the reaction requires molecular oxygen and reducing

equivalents in the form of NADPH. The NOS reaction primarily involves an initial

hydroxylation of L-arginine to generate Nc-hydroxy-L-arginine (NHA). This step involves the

heme moiety of NOS. Although the exact chemistry involved in the conversion of NHA to

NO and citruline is not entirely known, speculation based on enzymatic and chemical

precedent has lead to the proposal that the heme is directly involved in the oxidation of

NHA20. This proposed mechanism is outlined in Scheme 7.2 and involves a heme ferric

peroxide lFellI-OO-; nucleophile as a key reaction intermediate2r.
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Scheme 7.1. The reaction catalysed by NOS.
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Scheme 7.2. Mechanistic speculation on the formation of NO and citruline from L-arginine'
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All NOS isoforms require NADPH as a source of the reducing equivalents needed for the

production of citruline and NOtt. The reductase domain of the NOS is within the C-terminus

of the protein, while the heme-binding region is located in the N-terminus". The C-terminal

reductase domain binds the oxidising agents flavin mononucleotide (FMN) and flavin adenine

dinucleotide (FAD), which are crucial for the catalytic mechanism". The reducing equivalents

from the NADPH are passed to the heme. This activity requires the binding of CaM. NO is

formed at the heme containing region and Hobiopterin-dependent oxygenase active site in the

N-terminal half of the enzyme. Tetrahydro-L-biopterin (H.B) is an important reducing agent

that is also involved with the stabilisation of the NOS enzyme". These processes are shown in

Figure 7.5.

L-arginine + 02
NADPH

NAÐP*
L-citrulline + 'NO

reductase domain heme domain

Figure 7.5. Schematic view of NOS indicating the interactions of the flavin reductase and oxidative

heme domains.

7.1h. Binding domains of nNOS

Neuronal nitric oxide s¡mthase has distinct recognition sites for FAD, FMN, NADPH and a

CaM binding sitee. These nNOS recognition sites are schematically represented in Figure 7.6'

The CaM binding domain of nNOS has been discovered through recent assays and identified

as the amino acid sequence Lysttt-Lys"o ". Various peptides have been synthesised and tested

as mimics of the ¡NOS CaM binding domain with the intention of direct binding to CaM 12'

The consequence of this binding ultimately leads to an inhibition of nNOS activity. Therefore,

the peptides are competing with the nNOS in binding to the CaM. A particular 23-residue

ffi H¿B

FMN

FAÐ

( )
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peptide, that mimicked the Lyst"-Lystto sequence of nNOS, showed strong inhibition activity

with an ICro. of about 2 ¡tglml. This peptide showed to successfully bind to the CaM, forming

a complex with the CaM that then inhibited the activity of the nNOS. In contrast, two

additional peptides, peptide 16 (Lys73e-Lystto) and peptide 12 (Lyst+t-¡-t"ts+¡ that were

shortened versions of peptide 23, showed no inhibition of the nNOS. These results indicated

thatLysT3zLysleu in the nNOS sequence are critical residues for CaM binding. The sequence

of the CaM binding domain, together with the sequences of peptides 23, 16 and 12, ate

indicated in Scheme 7.3.

P 6AM FIIIN FAÞ NADP}I

NEURONAT ä'O$

Figure 7.6. Schematic representation of nNOS recognition sites

H-tK R RA lG F K K LA EAV K F S A K L M G Q A M A K RY_K+-COrH nruos
725 754

KKLAEAVKFSAKL M G QAMAKRVK
732 754

KFSAKLMGQAMAKRVK
739 754

KLMGQAMAKRVK
743 754

Scheme 7.3. Sequence of the CaM binding domain of nNOS, together with the sequences of peptide

23 (P23), peptide 16 (P16) and peptide 12 (P12)'

0

P23

Pl6

Pl2

ffit

' l6uo is the concentration value that inhibits the activity of 50% of the test population
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It has also been shown that peptides that are of a hydrophobic/basic composition with the

ability to form an amphiphilic helix ate aî important determinant for successful interaction

with the CaM protein. These observations have also suggested that CaM binding to model

peptides follow a general mechanism, driven primarily by strong hydrophobic interactions

that may be relatively independent of the peptides exact primary sequencett'

7.1 i. Medical implications

As an excessive or irregular production of NO can contribute to many unwanted effects,

regulation of NO biosynthesis has attracted a considerable amount of intensive study. Nitric

oxide synthase inhibition is likely to be therapeutically important in certain clinical situations

such as treating cerebral ischemia23. Cerebral ischemia- causes depolarisation of neurons due

to excitotoxicity ta. This depolarisation decreases the overall membrane potential and

consequently increases the influx of calcium into the postsynaptic neuron. The increase of

calcium concentration increases the calcium/CaM dependent cycle and leads to an over-

activation of the nNOS. This in turn increases the levels of glutamate released from the

presynaptic neuron and increases the activity of the negative feedback cycle involved with NO

production to. Overproduction of NO is believed to cause the onset of cerebral ischemia and

can eventually lead to cerebral infarctionr. Therefore, a substance that can inhibit nNOS

activity to a varying degree may have strong implications for people that are suffering from

cerebral ischemia and may eventually prevent the onset of stroke.

The aim of the work presented in this chapter is to investigate the effect of some of the

citropin peptides presented in chapter 6 on nNOS activity'

' Cerebral ischemia is a condition that involves the decrease of blood supplies to the brain and eventually can

lead to cerebral infarction.
t Cerebral infarction is a medical term for stroke.
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7.2. Results and Discussion

7.2a. nNOS and calcium channel activity testing

NOS and calcium channel activity tests were conducted courtesy of the Australian Institute of

Marine Science (Queensland, Australia). The three peptides initially chosen as the test

peptides for NOS biological activity testing consisted of citropin 1.1, citropin 1,2 and a

synthetic modification of citropin 1.1, named citropin 1.1 Ml. The sequences and the

antibacterial activities of these peptides are listed inTable 7 .2.

Peptide Reference Sequence Antibacterial activitY

citropin 1.1

citropin 1.2

citropin 1.1 M1

cit1.1
cit1.2
citMl

GLFDVIKKVASVIGGL (N H2)

GLFD I I KI(/ASWGGL (NHr)

GLFDVIKKVASVIKGL (N H,)

active
active
active

Bacillus cereus
Escherichia coli
Leuconostoc lactis
Listeria innocua
Micrococcus /ufeus
Pasteurella multocida
Staphylococcus aureus
Sta p h ylococcu s e pid e rm id i s

Streptococcus uberis

50

cit1.1

6

25
12

25
12

25

citMl

50
3

25
25

MIC (pg/ml)

cit1.2

25

3
100
12

25
25
12

25
25
25

Iable 7 .2. Sequence and corresponding antibacterial activities of citropin 1.1, citropin 1.2 and citropin

1.1 M1. Where there is no figure listed the MIC value is > 10O¡rg/ml'

The peptides were placed in solution (at a concentration of 2mglml in distilled water) and

tested for activity using rat cerebellum. The results indicated that all three peptides were

active against NOS and inhibited the conversion of [3H] arginine to ¡3tt1 citrulline by the

¡NOS assay. The ICro values that were subsequently determined showed that citropin 1.1 and

citropin 1.2 had similar activities, with lCros of 17.6+3'5 pglml and l6t2'8 pglml

respectively. However, citropin 1.1 M1 was approximately 3 times more potent than both
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citropin 1.1 and citropin l.2,having an ICro of 5.2+1.5 ¡rglml. The results were reproducible

and the competition curve of all three peptides is represented in Figure7.7.
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Figure 7.7. Competition curve analysis on peptides citropin 1.1 (O), citropin 1'2(Y) and citropin 1'1 M1

1-¡. Oata is representative of two separate experiments performed in duplicate'

All three peptides have shown inhibition activity on nNOS. As discussed previously, the

Lyrrtrlys Leu residues in the nNOS sequence are critical for CaM binding. All three citropin

peptides have a Lys Lys Ile motif in their sequences' as shown in Scheme 7'4'

o
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H-{-K R RA lG F K K LA EAV K F S AK L M G QAM AK RVK-}-COrH nrvos
'z2s 754

Scheme 7.4. Sequence of the CaM binding domain of nNOS, together with the sequences of citropin

1 .1 (Cit1.1), citropin 1.2 (Cit1.2) and citropin 1.1 M1 (CitM1). The critical residues for CaM binding are

underlined.

It is interesting that the synthetically modified version of citropin 1.1 (citropin 1.1 Ml) is

three times more potent than citropin 1.1. The only difference between the two peptides is that

citropin 1.1 Ml has had the Glyla residue replaced with Lys'a. The isoelectric point of glycine

is 6, compared with the isoelectric point of lysine being 9.7. Since a greater value of the

isoelectric point indicates a greater level of basicity, the lysine residue is considerably more

basic than the glycine residue. Lysine is also more hydrophobic than glycine' The Edmundson

wheel projection of citropin 1.1 is shown in comparison with the projection of citropin 1'1 Ml

in Figure 7.g. The replacement of Gly'a with Lysto increases the overall hydrophobicity of the

amphiphilic peptide and produces a more distinct hydrophobic zone.

H2N-L G G I V SAV K K I V D F L G-H

HzN-LGGVVSAVKKI I D F LG-H

H2N-LG K I VSAVKKI VD F LG-H

v
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D r6 
L(ilH2)

$rr 9V

2L

K l3r

c¡t1.1

c¡t1.2

citMl

,tt L(Nfl2)

9V

2L

KI
G

G
IG

I

K

F
3
F

G
K
I

v
Í2 v

D

K

^14¡.jl

10
A

1
A

CitroPin'l.l GitroPin 1'{ ñ11

Figure 7.g. Edmundson projection of citropin 1.1 in comparison with the projection of citropin 1'1 M1'

Note the well-defined hydróphobic and hydrophilic regions represented respectively by the right and

left-hand sides of the figlre. The residues that have been interchanged are underlined'
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In addition, a further biological test for the three peptides was conducted. The experiment

involved was the N-type calcium (Cu') channel assay, which determines whether the peptides

are blockin gthe C** channels. As Ca2* is essential for the function of the NOS enzymes, this

test was necessary to confirm that the peptides were inhibiting the production of citrulline by

inhibiting the action of the nNOS enzqe activity, and not by the blocking of C** channels.

The peptides had no significant effect on the Ca2* channel assay. The results are summarised

in Table 7.3

Peptide Ca2+ Ghannel Activity

cit1.1

cit1.2

citMl

122.6x1.9 pg/ml

111.5t3.5 pgiml

82.1t5.1pglml

Table 7.3. Activity results from Ca2t bioassay. Experiments were performed in duplicate and data

presented as percent of control (distilled water) tSE'

7 .2b. Anticancer act¡v¡ty

preliminary anticancer activity results of the citropin 1 peptides and some additional

synthetically modified citropin peptides have been obtained from tests conducted by the

National Cancer Institute (V/ashington DC, USA). The National Cancer Institute (NCI) has

used an in vitro model, consisting of 3 human tumour cell lines as the primary anticancer

screen, for preliminary investigation. The 3-ce11 line panel, of human tumour cells, consisted

of MCFT (Breast), NCI-H460 (Lung) and SF-268 (CNS). This 3-cel1 line, one-dose assay has

been in use by the Developmental Therapeutics Program (DTP) for several years and has

proven to be an effective pre-screen. The results for these peptides are listed inTable 7 '4'
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Growth Percentages

(Lung) (Breast) (CNS) ActivitY

NC|-H460 MCFT SF-268

Chapter 7

Peptide Sequence Goncentration

of Activity (M)

Citropin 1.1

Citropin 1.2.5

Citropin 1.1 M1

Citropin 1.1 M2

Citropin Ll M3

Citropin 1.1 M4

Citropin 1.1 M5

Citropin 1.1 M6

GLFDVI KKVASVIGGL(N H,)

GLFDilKKVAS(NHr)

GLFDVIKKVASVI KGL(N H,)

GLFEVI KKVASVIGGL(N H,)

GLFAVI KKVASVI GGL(N H,)

G LFDVIAKVASV I G G L(N H,)

GLFDVI KKVASKIKGL(N H,)

GLFDVIKKVASVI KKL(N H,)

-90

108

96

79

-38

57

90

-86

-57

104

97

101

17

109

104

-78

-92

110

75

75

-37

79

76

-84

Active

lnactive

lnactive

lnactive

Active

lnactive

lnactive

Active

1x10'a

1x10-6

1x10-a

Table 7.4. Preliminary anticancer assay results. Results for each test agent are reported as the

percentage of growth of the treated cells when compared to the untreated control cells. Compounds

ihat reOuóe the growth of any one of the cell lines to 32Vo or less (negative numbers indicated cell kill)

are passed on ior evaluation in a full panel of 60 cell lines. (See Experimental section for further

details).

7.2c. Gonclusions

The three citropin I peptides have shown considerable activity with tests involving the

inhibition of nNOS. In particular, citropin 1.1 Ml is three times more potent in inhibition

activity than citropin 1.1 and citropinl.2. Citropin 1.1 Ml is more hydrophobic and basic

than the other two peptides, which may explain its greater potency.

Inhibition of nNOS by the three citropin 1 peptides may be due to these peptides mimicking

the nNOS-binding site and competitively binding with CaM. This prevents CaM from

effectively binding with nNOS. Consequently, NO production is decreased. The citropin

peptides may be potentially useful in the medical treatment of patients susceptible to stroke,

but a delivery mechanism must be found to enable the peptides to cross the blood brain

barrier. A number of additional synthetic modifications of the citropin 1 peptides have been

synthesised and are currently being tested for nNOS inhibition activity. These peptides

include those that are listed in Table 7.4 andthe all D-isomer of citropin 1.1.
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SomeofthepeptideslistedinTableT.4haveshownactivityinprelimina4lanticancertesting.

These potential chemotherapeutic agents are currently undergoing a more detailed evaluation

on a full panel of 60 tumour cell lines.
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7.3. Experimental

7.3a. nNOS enzymic assay and N-type channel assay

Neuronal nitric oxide synthase enzymic assays and N-type calcium channel assay

investigations were carried out by standard methods2a by Mr. Jason R. Doyle and Dr. Lyndon

E. Llewellyn (Australian Institute of Marine Science, Queensland).

7.3b. Anticancer assay

The 3-cell line panel used for this assay consisted of the human tumour cells MCFT (Breast),

NCI-H460 (Lung) and SF-268 (CNS). The National Cancer Institute (Washington DC, USA),

using a standard protocol, carried out anticancer testing". Results for each test agent were

reported as the percentage of growth of the treated cells when compared to the untreated

control cells. Compounds that reduced the growth of any one of the cell lines to 32% or less

(negative numbers indicated cell kill) have been passed on for evaluation in a full panel of 60

cell lines

7.3c. Peptide synthes¡s

The procedures used for the synthesis of the synthetic modifications are identical to those

outlined in section 2.3h (çtage 7 6).
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GHAPTER 8. Peptides from Lítoria electrica

8.1. lntroduction

8.1 a. Litoria electrica

Litoria electrica (F'igure 8,1) is a relatively small Australian tree frogl, measttring about

3.5cm in length. This tree frog is also comurouly known as the 'buzzingtree'frog, as the call

it procltrces has been describecl as similar to that of the sound of a high voltage arct . Litoria

electrica is located in the nofihwestern corner of Queensland, soutlt of the GLrlf of

carpentaria. Secretions containing peptide material can be obtained from the glands

distributed evenly over the whole dorsal surtàce'

Figure 8.1. Litoria electrica
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8.1b. Comparison of Litoria electrica with Litoria rubella

Litorict electrica is closely relatecl to another Australian frog species known as Litorict rubella

(F'igure 8.2). J.E. Gray name d Litoria rttbella (commonly known as the red tree frog) in 1842

from early specimens collected at Porl Essington in the Northern Territory2. It has since been

widely reported throughout central and ttorthern Australia, and is quite retnarkable

considering the extremes of climate in which it prosperst'2. Litoria rutbella is only a small

amphibial, measuring about 2.5cm in length. Its skin secretion can also be obtained frorn the

glands distributecl over the whole dorsal sttrface.

Figure 8.2. Litoria rubella
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Specimens of Litoria rubella have been previously investigated from fifteen locations

throughout Australia. Seventeen peptides have been identified from the various skin

secretions 3'a's . Litoria rubella is unusual in that it does not produce antibacterial peptides of

the type characteristic of the genus Litoria.Instead, several otherpeptides are produced, the

most abundant of which are members of the tryptophyllin group. There are three major

constituents of the tryptophyllin family (Table 8.1) observed in various populations of Lftoria

rubella. Tryptophyllin peptides show no signifïcant activity as antibacterial agents, but exhibit

minor smooth muscle activity at ¡rM concentrations, which the Erspamer group considers as

insignificant. It has been proposed that the tryptophyllins may play a role as

neurotransmitters, since they are functionally similar to the human brain endomorphins-,

which display a high affinity for neuronal y receptors 6.

Name Sequence MH*

Tryptophyllin L 1.2

Tryptophyllin L 1.3

Tryptophyllin L 3.1

Phe Pro Trp Leu (NHr)

pGlu Phe Pro Trp Leu (NHr)

Phe Pro Trp Pro (NHt)

Table 8.1. The major tryptophyllins from Litoria rubella.

561

672

545

'e.g. Tyr Pro Trp Phe (NHr) and Tyr Pro Trp Gly (NHr)
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A comparison of the skin peptide profiles of Litoria rubella, collected frorn different

locations, suggested that a number of discrete populations existed throughout Australia.

Three discrete population s ol Litoria rubella surround the geographical location of Litoria

electrica. These three populations of Litoria rubella are shown in Figure 8.3, which include

the Adelaide River and Davenport Ranges populations together with the population along the

eastern coastline of Queensland.

Ð

I

Figure g.3. Location of Litoria etectrica (1) and three neighbouring populations oÍ Litoria rubella: (2)

ROllaiOe River, (3) Davenport Ranges and (4) Queensland coastline.

The aims of the research presented in this chapter are twofold

To isolate and determine the structures of the skin peptides of Litoria electrica.

To compare the structures of these peptides with those already identified in the three

populations of Litoria rubella, as shown in Figure 8.3

(i)

(ii)
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8.2. Results and Discussion

8.2a. General

Two specimens of Litoria electricd were obtained near Georgetown in Queensland' They are

3cm in length, and have been held in captivity since 1998. The skin secretion was taken from

the dorsal glands using the surface electrical stimulation method t. On average, each milking

gave about 3mg of peptide material after work-up. The peptides within the secretion were

separated using HPLC. The HPLC chromatogram (Figure 8.4), derived from 0'1mg of crude

peptide material, indicated two major peptide fractions and several minor fractions within the

skin secretion. The component peptides have been labelled A-K in Figure 8.4. Fractions E and

G yielded approximately 200 pg and 100 ¡rg of solid material respectively with all other

fractions yielding between 10 pg and20 ¡tg.

100

0
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Time (min)

Figure g.4. HpLC chromatogram from the crude skin secretions of Litoria electrica' (See Experimental
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E
Ê
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o
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section for full details)
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8.2b. Structure determination

The structures of the peptides isolated were determined by a combination of ESMS,

metþlation and enzymíc sequencing procedures. The molecular weight of each peptide was

determined by ESMS. The peptides were then converted into metþl esters with acidified

methanol. This procedure determined the number of COrH and CONH2 groups in each

peptide. Further information was obtained by cleaving some of the peptides with a Lys-C

enzyme digest. The resulting fragments were then collisionally activated and sequenced using

the MS/lvtS procedure.

Each peptide was sequenced using MS/\{S data from either the MH* or [M+2H]2* ions. This

procedure usually provided enough information to determine the full sequence. However'

isobaric Gln and Lys were differentiated either by Lys-C digestion/ electrospray MS/MS or

automated Edman sequencing, and isomeric Leu and Ile were differentiated by automated

Edman sequencing. The amino acid sequences of the peptides isolated from the skin secretion

of Litoria electrica are listed in Table 8.2. Details of the structural determination of each

peptide are recorded in Table 8.3. An example of MS/IMS data obtained from one of the major

peptide fractions, electrin 1, is shown in Figure 8'5.

E"
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Figure 8.5. CA MS/MS of the MH* ion 768 (electrin 1). The sequence above the spectrum is

de-termined by the 'B' fragmentations, while underneath is the sequence determined by the 'Y+2'

fragmentations. (See Experimental section for full details).
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HPLC
fraction

Tryptophyllin L 3.1

Tryptophyllin L 1.2

545

561

Phe Pro Trp Pro (NHr)

Phe Pro Trp Leu (NHr)

Val Glu Phe Phe Thr (OH)

Ala Gly Leu Leu Asp lle Leu Gly Leu (NH.)

Ala Gly Leu Leu Asp lle Leu Gly Leu (OH)

Phe Val Pro lle Tyr Met (NHr)

Asn Glu Glu Glu Lys Val Lys Trp Glu Pro Asp Val Pro (NHr)

Asn Glu Glu Glu Lys Val Lys Trp Gln Pro Asp Val Pro (NHr)

Phe Val His Pro Met (OH)

Phe lle Thr Val His (NHr)

lle Tyr Glu Pro Glu lle Ala (NHr)

E

F

Rubellidin 3.2

Rubellidin 4.2

Rubellidin 4.3

Electrin 1

Electrin 2.1

Electrin2.2

Electrin 3

Electrin 4

Electrin 5

642

883

884

D

J

K

G

H

A

B

c

768

1744

1743

629

615

833

Table 8.2. Peptides isolated from Litoria electrica skin secretions

Some of the peptides isolated and charactenzed were found to be unique to Litoria electrica,

having no analogy to any other peptides isolated from amphibians to date. These new peptides

were named electrins indicating their origin from Litoria electrica. The remaining peptides

isolated are identical with, or show some similarity to peptides akeady isolated ftom Litoria

rubella. For example, the major peptide found in the skin secretion of Litoria electrica,

tryptophyllin L 3.1, is also a constituent of the skin secretion of Litoria rubella. The minor

components, tryptophyllin L L2 and rubellidin 4.2, are also found in the skin secretion of

Litoria rubella. Rubellidin 3.2 and rubellidin 4.3 are newly discovered peptides from Litoria

electrica: these show structural resemblance to the rubellidin family of peptides'

Electrin 2.1 is very unusual in structure for a peptide derived from the skin secretion of an

amphibian. It consists of thirteen anionic residues and eight hydrophilic residues. Some

anionic peptides function as spacer peptides (see section 1.le for a description of the

bios¡mthesis of active peptides)8. Spacer peptides usually show no biological activity.
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Tryptophyllin L 3.1 [MH.5451

Methylation gives a methyl ester, MH. 560 (one CONH, group)'

MH. 545 'B ions' m/z 528, 431,245

MS/MS [Pro TrP Pro (NH')]

'Y+2 ions' m/z 545,398, 301

[Phe Pro]

Sequence of tryptophyllin L3.1 as determined from mass spectrometric data is

Phe Pro Trp Pro (NHr)

Tryptophyllin L 1.2 [MH.561]

Methylation gives a methyl ester, MH.576 (one CONH, group).

MH. 561 'B ions' m/z 544, 431,245

MS/MS [Pro TrP Leu (NHr)]

'Y+2 ions' m/z 561, 414,317

[Phe Pro]

Sequence of tryptophyllin L 1.2 as determined from mass spectrometric and automated

Edman data is:

Phe Pro Trp Leu (NHr)

Rubellidin 3.2 [MH. 642]

Methylation gives a methyl ester, MH.670 (two CO'H groups).

MH. 642 'B ions' m/z 624,523,376,229
MS/MS [Phe Phe Thr (oH)]

'Y+2 ions' m/z 642,543, 414,267

[Val Glu Phe]

Sequence of rubellidin 3.2 as determined from mass spectrometric data is:

Val Glu Phe Phe Thr (OH)

Rubellidin 4.2 [MH. 8831

Methylation gives a methyl ester, MH.912 (one COrH and one CONH2 group).

MH.883 'B ions' m/2866,753,696,583,470,355

MS/MS [AsP lle Leu GIY Leu (NH')]

'Y+2 ions' m/2883,812,755,642,529,414
[Ala GIY Leu Leu AsP]

Sequence of rubellidin 4.2 as determined from mass spectrometric and automated Edman

data is:

Ala Gly Leu Leu Asp lle Leu Gly Leu (NHr)

Table 8.3. MS data for peptides isolated from Litoria electrica

198



- Resu/fs and Drscussion - Chapter I

Rubellidin 4.3 [MH. 884]

Methylation gives a methyl ester, MH.912 (two COrH groups).

MH. 884 'B ions' m/z 868,753, 696, 583, 470, 355

MS/MS [AsP lle Leu GIY Leu (OH)]

'Y+2 ions' m/2884,813,756,643,530,415

lAla GIY Leu Leu AsPl

Sequence of rubellidin 4.3 as determined from mass spectrometric and automated Edman

data is:

Ala Gly Leu Leu Asp lle Leu Gly Leu (OH)

Electrin 1 [MH.768]

Methylation gives a methyl ester, MH.783 (one CONH, group)'

MH. 768 'B ions' m/2751,620, 457,344,247

MS/MS [Pro lle TYr Met (NHr)]

'Y+2 ions' m/2768,621,522,425,312

[Phe Val Pro lle]

Sequence of electrin 1 as determined from mass spectrometric and automated Edman

data is:

Phe Val Pro lle Tyr Met (NHr)

Electrin 2.1 [MH. 17441

Prominent [M+2H]2. 873 also present in spectra'

Methylation gives a methyl ester, MH. 1844 (five CO2H groups and two CONH, groups)'

Lys-C digestion gives MH* 648, 875 and 888, confirming Lyss and Lys7.

[M+2H]2. g73 ,B ions' m/21727,1630, 1531, 1416,1319,

MS/MS 1172,1043,857,729,630, 502, 373

[Glu Lys Val LYs TrP Glu Phe Pro AsP

Val Pro (NHtl
'Y+2ions' m/z 1744, 1630, 1501, 1372, 1243,

1115, 1016, 888,702, 573, 426, 329

[Asn Glu Glu Glu LYs Val LYs TrP

Glu Phe Prol

Sequence of electrin 2.1 as determined from mass spectrometric data is:

Asn Glu Glu Glu Lys Val Lys Trp Glu Phe Pro Asp Val Pro (NH')

Table 8.3. (Continued)
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Electrin 2.2lMH. 17431

Prominent [M+2H]2. 872 also present in spectra.
Methylation gives a methyl ester, MH. 1844 (four CO2H groups and three CONHz groups).

lys-ó digestion gives MH* 648, 875 and 887 confirming Lyss and Lys7.

lM+2H12.872 'B ions' m/21726,1629,1530, 1415,1318,

MS/MS 1171,1043, 857 ,729,630, 502, 373

[Glu Lys Val LYs TrP Gln Phe Pro AsP

Val Pro (NHr)l
'Y+2ions' m/z 1743, 1629, 1500, 1371, 1242,

1 1 14, 1 01 5, 887, 701, 573, 426, 329

[Asn Glu Glu Glu LYs Val LYs TrP Gln

Phe Prol

Sequence of electrin 2.2 as determined from mass spectrometric data is:

Asn Glu Glu Glu Lys Val Lys Trp Gln Phe Pro Asp Val Pro (NHr)

Electrin 3 [MH.629]

Methylation gives a methyl ester, MH.643 (one COrH group)'

MH. 629 'B ions' m/z 612, 481,384,247
MS/MS [His Pro Met (OH)]

'Y+2 ions' m/z 629, 483,384,247
[Phe Val His]

Sequence of electrin 3 as determined from maSS spectrometric data is:

Phe Val His Pro Met (OH)

Electrin 4 [MH.615]

Methylation gives a methyl ester, MH.630 (one CONH, group).

MH. 615 'B ions' m/z 598, 461, 362,261
MS/MS [Thr Val His (NH')]

'Y+2 ions' m/2615,468,355,254
lPhe lle Thrl

Sequence of electrin 4 as determined from mass spectrometric and automated Edman

data is:
Phe lle Thr Val His (NHr)

Electrin 5 [MH.833]

Methylation gives a methyl ester, MH. 876 (two CO'H group and one CONH2 group)'

MHl833 'B ions' m/2816,745,632,503, 406,277

MS/MS [Glu Pro Glu lle Ala (NHr)]

'Y+2 ions' m/2833,720,557,428,331
flle Tyr Glu Prol

Sequence of electrin 5 as determined from mass spectrometric and automated Edman

data is:

lle Tyr Glu Pro Glu lle Ala (NHr)

Table 8.3. (Continued)
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8.2c. Biological activity determination

Tryptophyllin L 3.1, electrin 1 and electrin 2.1 werc synthesised to enable testing for

biological activity. The native and synthetic peptides were identical, as confirmed by HPLC

and mass spectrometric analysis. The synthetic peptides showed no antibacterial activity at

MIC values below 100 pglml over the range of pathogens tested. The synthetic peptides also

showed no activity in the standard assays carried out by the Australian Institute of Marine

Science (AIMS). These assays included activity determination specifically related to N-type

Ca2* channels, L-type Ca2* channels, neuronal nitric oxide synthase, nitric oxide scavenging,

serotonin receptor activity, DNA interaction and protein tyrosine phosphatase lC activity.

Most Australian tree frogs contain biologically active peptides within their skin secretions.

For example, the majority of species of the genus Litoria produce at least one neuropeptide'

together with a wide spectrum antibiotic peptidet. However, neither Litoria electrica rlor

Litoria rubella contain caerulein type neuropeptides or antibacterial peptides in their skin

secretions. The biological roles of the peptides from Litoria rubella and Litoria electrica

remain a mystery.

g.2d. A comparison of the peptide profiles oÍ Litoria electrica and Litoria rubella

The peptide components from Litoria electrica, along with those of the following three

population s of Litoria rubella: (i) Darwir/Adelaide River, (ii) Davenport Ranges and (iii)

Mount Carbine (from the Queensland coastline population) are listed in Table 8.4. The

peptide profile of Litoria electrica showed some similarity to that of the Litoria rubella

populations found to the south and to the east of the Litoria electrica location. There is no

correlation between the skin peptides of Lftoria electrica and those of the population of

Litoria rubella centred on Darwin and the Adelaide River'

' e.g. caerulein: pGluGlnTy(SO.H)TheGlyTrpMetAspPhe(NHr)
r eõ, caerin1.1: GtyLeuLeïòeÑalleuotyserVatAtaLysHisValLeuProHisValValProVallleAlaAsp
HisLeu(NHr)
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L. rubella
(Darwin/Adelaide River)

L. rubella
(Davenport Ranges)

Chapter I

L. rubella L. electrica
(Mt. carbine)

Tryptophyllins

1.1

1.2 FPWL(NHr)

i 1.4 FPFPWL(

i 2.1 Hr)

FPWP(NHr)

3.2 FPWP(OH)

3.3 PEF Ht)

4.1

4.2 FLPWY(NHr)

v
v

i 5.ì -f pE¡Þ'wVHR(ÑH;t 
- v

v1.3 pEFPWL(NHr)

PWL(NHr)

v

v

Rubellidins

vDFFA(OH)

2.1 rEFFA(OH)

3.1 rEFFT(N

3.2

4.1 DILGL v
v

4.3 AGGLLDIL L(oH)

Electrins

FVPTYM(NHr)

2.1 NEEEKVKWEPDVP(NH,)

2.2

3 FVHPM(OH)

5 IYEPE Hr)

v

v
v

tl i
v
v
(
a
v
v

AGGLLDILG Hr)4.2

1.1

NEEEKVKWQPDVP(N

FtrvH(NHr)4

Table g.4. Gomparison oÍ Litoria rubetta peptide profiles 5 with that of Litoria electrica
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8.2e. Gonclusions

A new class of peptide from the skin secretion of Litoria electrica has been named as the

electrins. The electrins are only found in Litoria electrica, but other peptides isolated from

this amphibian are identical or similar to skin peptides found in some populations of Litoria

rubella. These observations support the conccpt that Litoria electrica and Litoria rubella are

distinct species, which evolved from a common ancestor. This is in agreement with the

morphological relationship between the two species, as derived from anatomical and other

biological datae'ro.
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8.3 Experimental

8.3a. Gollection and preparation oÍ Litoria electrica secretions

The skin secretions ftom Litoria electrica were provided courtesy of Associate Professor

Mike Tyler, Department of Environmental Biology, University of Adelaide' The secretions

were obtained by the SES method, as described in section 2.3a. The resulting secretion was

washed off the skin with water (distilled 25 ml). Methanol (25 ml) was immediately added to

the aqueous extract, the mixture centrifuged, and concentrated to approximately 1 ml.

8.3b. HPLC separation

HPLC separation was achieved for each sample using a VYDAC C6 Protein and Peptide

(21STP54) reverse phase column equilibrated with I0o/o acetonitrile/aqueous 0.1% TFA.

Additional purification was achieved using an elution profile of 40-65Yo acetonitrile over a

period of 60 minutes. Each sample was filtered through a Millipore 0.45 ¡rm filter and injected

onto the column. The conditions for the HPLC chromatogram represented in Figure 8'4 are as

follows. The elution profile increased from 10-75o/o acetonítile over a period of 40 minutes

using a flow rate of 1 mVmin.

8.3c. Mass spectrometry analYsis

Electrospray mass spectra were determined using a Finnigan LCQ ion trap mass spectrometer.

The samples r,vere dissolved in methanoVwater (1:1) and infused into the electrospray source

at a flow rate of 8 pVmin. Collision activation mass spectral data were obtained using

collision energy of 35-50%. Electrospray conditions were as follows: source voltage 4.2 kV,

sonrce current 17 p"A, capillary temperature200"C, capillary voltage 3V and sheath gas flow

30 psi. Mass spectra were acquired with the automatic gain control on, a maximum ion time

of 200-400 milliseconds, and using 3 microscans per scan, averaging over approximately 20

scans. Molecular weights of peptides were determined from the MH* or [M+2H]2* ions'
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8.3d. Additional information

The remaining procedures are identical to those described elsewhere, as detailed in the table

below.

Procedure Section in which it is described

Methylation of peptides

Enzyme digestion using LYs-C

Antibacterial testing

Preparation of synthetic peptides

Automated Edman sequencing

Section 2.3d (page74)

Section 2.3e (page 75)

Section 2.39 (page 76)

Section 2.3h (page 76)

Section 2.3i (page 76)
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CHAPTER 9. Summary and Gonclusions

Peptides were discovered and isolated early in the development of tadpoles of the tree frog

Litoria splendida, including antibacterial peptides and a neuropeptide/hormone. This is

interesting, as tadpoles are resistant to pathogenic microorganisms and fungal growth at all

stages of development and it was not exactly certain how this phenomenon was occurring.

Past studies have indicated that antibacterial peptides v/ere present during and after

metamorphosis, but there was no evidence of their presence prior to metamorphosis. This

research has reported the finding of peptides in tadpoles of Litoria splendida well before the

onset of metamorphosis, which ultimately may be involved in protecting this amphibian

against bacteria. The neuropeptide/trorïnone caerulein was detected 10 days after egg

deposition, and the antibacterial peptides caerin 1 . I , caerin 1 .6 and caerin 3 . I first appeared at

14 days. The concentration of peptides increased with the onset of metamorphosis at 84 days,

when the peptide profile is the same as that of the adult.

Examination of the skin secretions of adults of Litoria splendida over a period of three years,

revealed interesting biological patterns. The seasonal fluctuations of a new peptide, Phes-

caerulein, were noted. Phe8-caerulein (which showed analogy with caerulein and is thought to

be a neuropeptide) appeared only during the winter months over the entirety of the three-year

study period. This suggested that Phes-caerulein might possibly be involved in the

thermogenesis of this anuran during its hibernation period'

Comparisons between the skin secretions of adult males and females of Litoria splendida over

the three-year study period found two minor component peptides. The two peptides, caenn2.3

and caerin 1.10, were found to be present only within the male secretion. Caerin 1.10 showed

antibacterial activity. Caerin 2.3 cycled in abundance throughout the three-year period, with

the concentration peaking during the breeding season of Litoria splendida (January to March).

The concentration of caerin 2.3 then markedly decreased during the period of June to

November.
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Behavioural studies of caerin 2.3 on adult females of Litoria splendida indicated pheromone

activity. This aquatic sex aggregation pheromone of the adult male Litoria splendida was

renamed as splendipherin. Splendipherin, which showed to be species specific, is the first

anuran pheromone to be isolated and characterised. Splendipherin is also the second peptide

pheromone to be identified in a vertebrate. Given the fact that Litoria splendida reproduces in

an aquatic environment, a non-volatile but water-soluble peptide was a reasonable form to

expect as a pheromone in this amphibian.

Investigation of the skin secretions of Litoria citropa initially led to the discovery of three

distinct groups of citropin peptides, namely, the citropins I, 2, and 3. These peptides showed

to have no similarity with any other reported peptide from the Litoria genus. Nineteen citropin

peptides were present in the dorsal secretion, while only fifteen of these peptides were also

present in the secretion from the submental gland. The two major peptides, citropin 1.1,

citropin 1.2 and, a minor peptide, citropin 1.3 are wide-spectrum antibacterial peptides. The

amphibian also showed to have an endopeptidase that deactivated the antibacterial peptides by

removal of the N-terminal residues. The most abundant degradation products resulted from a

loss of three residues from the N-terminal end. The additional four peptides produced by the

dorsal glands were structurally related to the antibacterial citropin 1 peptides, except they

contained three extra residues at their C-terminus. These additional peptides showed minimal

antibacterial activity.

Both secretions, from the dorsal and submental glands of Litoria citropa, also contained a

series of previously unreported peptides that were structurally related to the neuropeptide

caerulein. In all, sixteen caerulein-like peptides were isolated and characterised. These

peptides included eight peptides that contained a post-translated tyrosine residue, and eight

peptides that contained a tyrosine residue minus the sulfate group. The sulfated caerulein-like

peptides isolated from Litoria citropa are thought to be neuropeptides with similar biological

actions as that of gastrin, CCK and caerulein.
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Citropin 1.1, citropin 1.2 and a synthetic modification of citropin 1.1 all showed potent

activity as inhibitors of nNOS, with citropin l.M1 having a potency three times greater than

that of citropins 1.1 and 1.2. Inhibition was thought to be due to the mimicking of the nNOS-

binding site by these peptides, consequently producing competitive binding of the peptides

with CaM and resulting in a decrease of NO production. Citropins 1.1, 1.1 M3 and 1.1 M6

showed anticancer activity on tumour cells responsible for lung, CNS and breast cancer.

These peptides are now currently undergoing further evaluation on a full panel of 60 tumour

cell lines by the National Cancer Institute (V/ashington DC, USA). The medical implications

of these active citropin peptides may eventually be useful in the treatment of patients

susceptible to stroke or those suffering with cancer.

Skin secretions of Zifo ria electricahave revealed eleven peptides, with the two most abundant

being tryptophyllin L 3.1 and electrin 1. These two peptides showed neither significant

antibacterial activity nor smooth muscle activity. Tryptophyllin L 3.1 is thought to be a

neurotransmitter, and is similar in structure to the human endomorphins that act on the y-

receptor. Both Litoria electrica and Litoria rubella produce the tryptophyllin peptides, and are

considered to have come from the same ancestor.

The results of this thesis have led to the isolation and characterisation of a number of new

peptides from the skin secretions of three species of Australian amphibians. A considerable

number of these novel peptides have shown significant biological activity. The biological

implications of peptides such as these may eventually compel them into potentially useful

therapeutic agents in the treatment of various medical conditions.
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