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ABSTRACT

The fragmentation behaviour of peptides in the gas phase is investigated in

this thesis, using the technique of fast atom bombardment (FAB) mass

spectrometry (MS) in both the positive and negative modes of ionisation' The

established knowledge of the fragmentation behaviour of protonated gas phase

peptides is applied in the determination of the sequences of biologically active

peptides. The behaviour of deprotonated gas phase peptides is being realised;

this thesis reports the fragmentations of deprotonated synthetic tetrapeptides

as part of a continuing stud.y of anionic peptide chemistry in the gas phase.

Observations have been rationalised by mechanisms'

The structure determination of the amino acid sequences of twenty peptides

from the Australian frogs, l.Iperoleiø inundatø and l,Iperoleiø miobergi arc

reported. These peptides have been named uperins and were extracted from

the dermal glands using the ecologically sound method of surface electrical

stimulation. Purification by reverse-Phase high performance liquid

chromatography (HPLC) afforded workable amounts of material. The

sequences were elucidated using FAB MS and CA MS/MS in conjunction with

manual Ed,man d.egrad.ations, enzymatic hydrolysis (using site-specific

enzymes) and esterification procedures. The proposed structures were

confirmed by automated solid-phase protein sequencing. The biological

activity of a number of uperins have been investigated using synthetic

analogues; the details of which are reported. Some of the uperins show

remarkable antimicrobial activity. A neurotransmitter of the tachykinin

category of peptides has been isolated and the sequence has been determined;

this peptide has been named uperin L.L and is structurally similar to other

amphibian tachykinins.
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The anionic investigation into peptide sequencing by mass spectrometry has

been extended from di- and tripeptides to tetrapeptides. The fragmentations of

a number of tetrapeptides have been studied by CA MS/MS. Of notable

significance is that the [M - H]- ions derived from tetrapeptides generally show

two different collision-induced backbone cleavages which permit the

determination of the amino acid sequence of the peptide. The first of these

involves the formation of the carboxylate anions of either constituent amino

acids or fragment peptides. In the second, amino acids or fragment peptides

are eliminated as neutrals. A nomenclature has been introduced to

distinguish these two processes. There are a number of residues which

undergo characteristic side-chain fragmentations irrespective of their location

in the peptide sequence. Also, there are some residues which promote

pronounced fragmentation at the C-terminal position: if situated at this site,

such fragmentations may occur to the exclusion of the backbone cleavages.

The data obtained from these negative ion cleavages are analytically useful and

provide, at the very least, complementary information to that given by

positive ions.
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Chapter L INTRODUCTION TO MASS S

,,1 
feel sure thøt there øre many problems in Chemistry which could be solaed

with før greøter eøse by this thøn by any other method' The method is

surprisingly sensitiae - rnore so euen thøn thøt of spectrum ønølysis - requires

øn infinitesimøl ømount of møteriøl ønd does not require this to be speciølly

purified.
]. j. Thomson(l)

L.L Historical Aspects of Mass Spectrometry

A mass spectrometer is an instrument which produces a beam of ions from a

substance being investigated, sorts these ions into a spectrum according to their

mass to charge ratios, and records the relative abundance of each species of ion

present. The basic principle of mass spectrometry, the separation and

registration of atomic masses, was demonstrated many years ago' The origins

of mass spectrometry can be traced back to 1886 when Goldstein detected

positive rays in a glow d.ischarge tube.(2) In L898, Wein demonstrated that

these rays were beams of ions by deflecting them in electric and magnetic

fields.(3) Later, Thomson was able to show the existence of neon isotopes by

the dissociation of the ions in a flight tube; a discovery that permitted the

separation of ions according to their mass to charge ratio'(a) The first

instruments of more sophisticated design were built by Dempster and Aston in

1918.(5,6) Aston's instrument was particularly useful for accurate mass

measurements because all the ions were focussed in one plane, which was

occupied. by a photographic plate; whereas Dempster's instrument, although

less suitable for this purpose, Permitted a more accurate measurement of
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abundances. Refined over the years, both designs have been used to measure

the masses accurately and the relative abundances of a great number of

isotopes of the elements. Important advances in the art of electronics led to

the construction of reliable, accurate, and user-friendly mass spectrometers'

The reproducibility of the mass spectra of gases and volatile hydrocarbons was

such that mass spectrometry gained recognition as a tool for quantitative

analysis.(7) The petroleum industry was particularly interested, since fast and

accurate analyses of complex hydrocarbon mixtures could be facilitated at a

time when there was a strong demand for high-quality fuels in the aviation

industry; a situation aggravated by World War II' This potential market

influenced the commercial production of mass spectrometers and post-war

yeafs have seen extensive developments in the design and application of mass

spectrometers.

1,,2 Mass Spectrometers

Single sector (or single focussing) mass spectromslgls(8) were replaced by

double sector mass spectrometers and tandem double focussing mass

spectrometers;(9, 10) while the quest for greater resolution and enhanced

sensitivity resulted in the design and production of exotic mass spectrometers,

namely the 1þ1ss(11) and four sector mass spectrometers of varying

configuration and geometry.(12) Expansion in design, engineering and

technology has seen the name 'mass spectrometer' being applied to

instruments such as magnetic / electric sector instrumenls,(13) quadrupole(la)

and triple quadrupole,(1s) flowing afterglow (FA),(16' 17) time of flight

(TOF),(18) ion trap,(19) ion cyclotron resonance (ICR),(20-22) and Fourier

transform ion cyclotron resonance (FT-ICR) mass spectrometers.(23) Each of
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these instruments can be used to study gas-phase chemical reactions; the choice

of instrument being dependent on the specificity of the project objectives'

There are many diverse branches of science which use the Powefs of mass

spectrometry. These fange from geology to experimental physics, and from

ofganometallic, inorganic and chemical analyses to protein structure and

medical research. The application of mass spectrometry to the study of

biomolecules has led to a rapid integration between the fields of biochemistry'

organic chemistry and medical research'

In its simplest form, the mass spectrometer is designed to perform three basic

functions:

(Ð to vaporise comPounds of widely varying volatility;

(ii) to produce ions from the resulting gas-phase molecules;*

(iii) to separate these ions according to their mass to charge ratios (m/z)'

and subsequently detect and record them'

The general design of a mass spectrometer incorporates the basic features

illustrated in Figure L.L.

Figure 1..L: Block diagram illustrating the basic features of a mass spectrometer'

DETECTION
SEPARATION

ION ANAL
ANDIONISATIONSAMPLE

INTRODUCTI

* 
Except where the volatilisation process directþ produces ions rather than neutrals
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L.3 SamPle Introduction

All compounds, large or small, can be analysed by mass spectrometry' Samples

are introduced into the instrument in different ways so they can be vaporised

and ionis ed., aiz: gases being leaked in; liquids injected through a septum; and

solids introduced using a direct probe. There is little need to use excessive heat

to accomplish phase transfer as the Pressufe differential is such that the

samples being analysed are easily vaporised. However, there are some samples

that are involatile under these cond'itions and which also decomPose when

heated; such compounds must be introduced by a different method'

coupling mass spectrometry with other analytical instruments illustrates the

versatility of mass spectrometric analyses' Gas chromatography is recognised

as a useful analytical method. for the separation of molecules in the gas-phase

based upon, e.g. volatility, polarity.Q+) since the sample analyte already exists

in the gas-phase, it is convenient and. also appropriate to then analyse the

sample by mass spectrometry. The value of gas chromatography / mass

spectrometry (or the acronym GC/MS) is demonstrated by the analyses of

thermally stable, 'unknown' sample mixtures; if they can be separated by GC'

then their structures can be determined by mass spectrometty'Qa)

Compounds which are not thermally stable may be separated by liquid

chromatography -s1h6ds.(2s) The ability of high performance liquid

chromatography (HPLC) to separate compounds of similar structure' polarity

or molecular weight has been well documented. The nature of the

substance(s) being investigated d,etermines the choice of stationary and mobile

phases, such that maximum resolution is gained with minimal retention

time. As well as being an analytical tool, HPLC can also be used to separate

Iarge amounts of material in a PreParative manner. This method requires
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larger d.iameter columns containing the stationary phase and uses faster flow

rates of the mobile phase in comparison to analytical experiments. The pure

compound is isolated by collecting and evaporating the mobile phase.

Attempting to couple liquid chromatography with mass spectrometers proved

to be challenging, since the sample analyte is dispersed in liquid. A solution to

the problem led to the development of electrospray ionisation, which is

rapidly being accepted as the primary method of analysing very latge,

thermally unstable compounds such as peptides and proteins.(26' 27) The

technique of ionisation is not relevant to this thesis, however it should be

mentioned that electrospray ionisation generates multiply charged ions of the

analyte.(26,27) All ions discussed in the core of this thesis are singly charged.

Other methods recognised for potential interfacing with mass spectrometers

include: supercritical-fluid chromatography (SFC) which uses liquid carbon

dioxide as the mobile phase (for reviews see e.g. tef. 28, 29); and capillary

electrophoresis (CE) which can generate high resolution chromatograms in a

fraction of the time required by HPLC and does so using micro volumes of

sample.(2e)

'f.,,4 Ionisation Methods

There are many ionisation techniques used today to produce ions of interest

from the sample under investigation. Ionisation methods in common use

are: electron impact (EI),(8, 30, 3L) chemical ionisation (CI),(32, 33) field

desorption (FD),(34) desorption ionisation [including secondary ion mass

spectrometry (SIMS),(35-37) fast atom bombardment (FAB),(38' 3e) liquid SIMS
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(LSIMS),(4O) continuous flow FAB,(41) laser desorption (LD),@2) matrix assisted

LD ionisation (MALDI),(43) aîd252Cf plasma desorptionØ4,45)f, and several

nebulisation techniques such as thermospray(a6) and electr ospt ay.(26' 27)

L.5 Electron Impact

The first used and easiest method of ionisation is the process known as

electron impact (EI), where a sample vapour at a reduced pressure flows

through a region traversed by an electron beam. When electrons pass through

or very near a molecule ionisation occurs, as described in scheme (1.1).

M: + e M+' + 2e (1.1)

Usually this process results in the formation of positive ions, but electron

capture is possible, resulting in the formation of negative ions.(47) Ionisation

is dependent on the energy of the electron beam, the ionisation potential of the

molecule and the nature of that molecule.eS' 49) The energy of the electron

beam is typically between 5 and 100 eV, with efficient ionisation generally

occurring with an energy of 50 eV. An energy of 70 eV is usually chosen, since

sensitivity is close to a maximum and fragmentation is uneffected by small

changes in electron energy about this value. This creates reproducible spectra

that contain odd-electron ions formed by an ejection of one electron from the

molecule.(50,51') The minimum energy required to remove one electron from

the highest occupied molecular orbital of a molecule is called the ionisation

potential.(52) A second or even a third electron can be removed, albeit with
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decreasing probability due to the increase in energy required. Subsequent

fragmentation of the excited molecular ion produces the spectrum of fragment

ions that is interpreted to deduce the structure of the original molecule. Only

about Io/" of the molecules in the source are ionised; and about 20% of EI

spectra of small organic molecules do not contain a significant relative

abundance of the molecular ion. This can complicate the assignment of the

molecular mass of the compound being investigated. Despite this,

approximately 90% of all organic molecules can be ionised by this technique.

Electron impact can produce either positively or negatively charged ions in the

ion source. The formation of negatively charged species derived by EI are

relevant to this thesis (see Chapter 5) and are discussed in detail. There are

three main processes for the formation of negative ions by EI.(53-50) The

ionisation process occurring is determined by the energy of the electron. These

processes are classified as:

li) Resonance Capture

Providing that the molecule (AB) has a positive electron affinity, then low

energy electrons (-0.1 eV) can be captured [scheme (12)]. In the presence of a

non-reactive gas(32) (e.S.N2) or at high sample pressures, the process is more

important since the excited species may be stabilised by collision with a neutral

molecule or by radiation, otherwise the captured electron is expelled. If the

captured electron has enough energy to produce an electronic transition to a

higher energy level than that of the required dissociation energy, then the

species AB-' will dissociate into A' and B-.

+AB e AB (1.2)
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(ii) DissociativeResonanceCaPture

Dissociative resonance capture is an important process if the electron beam

energy is less than L5 eV and provided that the molecular anion (AB-') readily

fragments, then when AB captures an electron it will undergo an electronic

transition to give A- and the radical B', (or B- and the radical A') [scheme (1;!l)].

IAB-'I * A- + B' (or A' + B-) (1.3)

(iii) Ion Pair Formation

Ion pair formation is a non-resonance process that occurs when an electron

with large kinetic energy (greater than L eV) is captured by a molecule. The

translational energy of the electron is converted into vibrational energy within

the molecular ion. The ion readily dissociates resulting in the formation of

the ion pairs A- and B+, (or A+ and B-), both of which may be in an excited

state; negatively charged molecular ions are rarely observed [scheme (1.4)].

AB +e * A-+B++e (or A++B-+e-) (1.4)

Using typical operating conditions (i.e. electron beam energy o170 eV) all three

processes may occur in an EI source. Since the processes are energy and

pressure dependent, the intensity of the ion signal will change with sample

pressure. Although dependent on the nature of the sample molecule, the

probability of electron capture is about 1000 times less than that of electron

removal, hence the intensity of negative ions is generally a factor of 103 lower

than the intensity of positive ions under similar conditions. Flowever,

'+e+AB
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electron energies in the range 40 - 70 eV have also been used to generate

negative ions in electronic ground states, formed by processes (i) and (ii). This

energy range often gives more abundant negative ions because in this range,

anions are formed by the capture of secondary (or thermal) electrons produced

by gas-phase positive ionisation processes, or alternatively from electrode

surfaces.(54, 56)

EI ionisation is the most widely used method of ionisation in mass

spectrometry. For most molecules it produces both molecular and fragment

ions, thus allowing determination of both relative molecular mass and

molecular structure for such molecules. However, EI ionisation does have

some significant drawbacks:

(i)

(ii)

( iii)

(iv)

it may be difficult to measure relative molecular masses for some

molecules, especially if almost all the molecular ions formed fragment

before they leave the ion source;

differentiating between isomers can be difficult, especially enantiomers;

some compounds may undergo thermal decomposition prior to

ionisation, or be very prone to fragmentation after ionisation because of

the temperature required for vaporisation;

others may simply be too involatile to give a spectrum.

When such problems are encountered, recourse must be made to alternative

methods of ionisation.
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1,.6 Chemical Ionisation

Munson and Field reported the technique of ionising a sample of molecules by

gas-phase ion-molecule reactiens.(32) The initial work in chemical ionisation

(CI) mass spectrometry used positive ion-molecule reactions(S7) and the last 20

years has seen an increased interest in negative ion-molecule reactions by

using negative ion chemical ionisation (NtCt¡.{sa) the NICI technique

requires a high Pressure (typically l Torr) of a reagent gas such as H2O or NH3

which is ionised by electron impact.(5e-61) The hydroxide ion and the amide

ion formed in the gas-phase are particularly strong bases (AHu"id ;g'zO -- 390'7

kcal.mol-l, ÀHoacid NH3 = 403.6 kca1.mol-1¡.(02) The primary ion produced, HO-

or NH2-, then reacts with the sample by way of ion-molecule reactions to

produce negative ions. The formation of the reactant ions NH2- and HO- from

their respective neutrals NH3(63) and H2O(64) arc shown in schemes (1.5)-(U).-

NHs + e NHz- + H

HzO+e
H- + HzO

H- + HO'

Hz + HO-

(1.s)

(1.6)

(1.7)

Hydroxide ions are also formed in the gas-phase, by electron bombardment of

equal amounts of nitrous oxide and a hydrocarbon such as methane, isobutane

or cyclohexane [schemes (1.8) and (!!)].(6s' 66)

NrO + e O-' + N2

O-' + CHn HO- + CHå

* It should be noted that H- and O-' (from 02) are also present and these ions also contribute to

the formation of [M - H]- ions'

(1.8)

(1.e)
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There are many available reagent gases that can produce reagent ions that act

as Brönsted bases including: MeO- (from MeONO),$7) O-'(from N2O)(68), and

F- (from NF3).(6e) The generation of parent ions produced by NICI formed

from the reactions that occur between a reagent ion and the sample molecule

can be categorised into four ion-molecule reactions.

(i) Proton Transfer (DeProtonation)(57)

NICI Brönsted bases react primarily by the Process shown in scheme (1J0)

R- + MH -=+ M- +RH (1.10)

If the gas-phase proton affinity of R-. is greater than the gas-phase proton

affinity of M-, then the proton transfer reaction will be exothermic and occur

efficiently.(70) Equilibrium constant measurements of the reaction can provide

values for the relative proton affinities of the negative ions R- ¿n¿ ¡4-.(71)

Similarly, a relative gas-phase scale for MH and RH can be constructe d.(62)

Many organic molecules contain acidic hydrogens; thus proton transfer

processes are an important class of reactions, since these acidic hydrogens are

easily deprotonated. Analyte anions produced by proton transfer have very

little excess internal energy. As can be seen from scheme (1J0), no new bonds

are involved in the formation of the analyte anion; thus most of the excess

energy is contained in the neutral derived from the reagent gas ion. As a

result, abundant tM - H]- ions are formed, thus providing molecular weight

information,(58) and structural information if collisionally activated (see

sections L.L0 and 7.L\).(72)

* ¡t is the reactant gas phase ion formed from electron impact ionisation of the reagent gas,

i.e.}fO- or NH2-.
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(ii) ChargeExchangeReactions(73)

Charge exchange reactions will occur if the electron affinity of M is greater than

the affinity of R.(sZ) Values for the relative electron affinities of M and R can

be provided from the measurements of electron transfer equilibria using

scheme (1".11).(73)

R-+ M -+ M- +R (111)

(iii) Nucleophilic Addition(7a)

Reactant ions R-, which are not strong Brönsted bases generally undergo

nucleophilic attack onto the molecule M to form stable addition complexes

MR- [scheme (L.L2)], often in the presence of a non reactive gas. Complexes

such as MR-, are occasionally formed in a CI source. The addition complex

may either be a covalently bound adduct or a solvated ion pair.(7s)

R-+M+MR (æ)

(iv) Nucleophilic Displacement(s7,76,77)

S¡2 nucleophilic displacement reactions are an important method of ion

formation, especially to generate specific gas-phase anions. Such a reaction

may occur if it is exothermic (or thermoneutral) and if there is no possibility of

a competing proton transfer from MX to R [scheme (1.13)].(57)

R- + X- M-+ RX (1.13)
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One example of an S¡12 displacement reaction(78) is the formation of the novel

anion prepared as described in scheme (T.L4).V9)

MeO- + MeTSiCFITCFI2CHO -CFI2CFI2CHO + MerSiOMe (1.1.4)

\J Fast Atom Bombardment (FAB)

The basic requirement of an ionisation technique is to present the sample for

analysis in the gas-phase. This limits the EI and NICI techniques to samples

that have a relatively low molecular weight, are volatile and are also

thermally stable. Consequently, thermally labile molecules, hígh molecular

weight compounds and polar molecules cannot be ionised by these

techniques. Therefore a different method of ionisation is required to analyse

such samples by mass spectrometry.

Desorption ionisation methods overcome this problem by giving a large pulse

of energy to the sample. The effect of this is to put a relatively large amount of

energy into translational modes involving sample molecules. Thus,

intermolecular bonds involving the sample, such as hydrogen bonds, are

broken in preference to covalent bonds and the sample is desorbed from its

environment into the gas-phase. Thermal decomposition is reduced by

avoiding an equilibrium distribution of the large amount of available energy.

This is because the sample molecule leaves its environment within a time

magnitude of L0-12 seconds. Examples of desorption ionisation processes

include: fast atom bombardment (FAB), where the bombarding particle is an

energetic (kev) neutral particle;(38, 39, 80) secondary ion mass spectrometry
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(SIMS), where the bombarding particle is an energetic (kev) ion;(s6' 81) 2s2ç¡

plasma desorption, in which the bombarding particle is a very energetic (MeV)

ion derived from spontaneous fission of a radionuclide or extracted from a

particle accelerator;(82, 83) and laser desorption to the extent that sputtering

phenomena may occur in organic samples bombarded by an intense laser

beam.(84) FAB was used, to generate the positive and negative ions studied and

reported in this thesis.

FAB is a technique where a neutral atom beam of large translational energy,

typically 6 - 8 keV, bombards the sample that is dissolved in a liquid matrix of

low volatility. An atom gun is used to generate the beam of fast atoms.* The

bombarding atoms must be chemically inert in order to avoid the possibility of

unwanted chemical reactions. Argon (or xenon) is often employed for this

purpose. In a low pressure environment the FAB gun ionises argon atoms

generating a plasma of argon ions, which are then accelerated to a known

kinetic energy and focussed into a beam of high intensity. They are then

neutralised by exchange of resonant gas-phase charge as they pass their almost

stationary neutral counterparts. This process is described by schemes (1.15) and

(L.L6). A.y remaining argon ions with high translational energies are

removed by simple electrostatic deflection, leaving a beam of fast argon atoms

which are focussed to strike the sample on the probe tip and is illustrated in

Figure L.2.

Ar+e-.>Ar++2€

+
+

Ar+Ar

(rc)

(1.16)
+
Ar+

* 
L,r many cases a caesium ion gun is alternatively used'(85)

+ Ar+
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PROBE TIP SAMPLE

/- MASS ANALYSER

30","..

NORMAL TO
PROBE TIP

FAST ATOM BEAM

Figure L.2: schematic diagram of the FAB ionisation Process.

The probe tip is orientated such that the strongest ion current is produced.

This is known as the optimum angle of incidence and is defined as the

measured angle between the bombarding atom beam and the normal to the

surface of the probe tip and is usually 39".(86) The sample to be analysed is

mixed with a low vapour pressure liquid, called a matrix, and uniformly

spread over the probe tip in an attempt to simulate a monolayeq(9}' 87) when

the fast argon atoms impact into the solution, momentum transfer results and

the sample is desorbed, often as an ion. The beam of sample ions is then

analysed in the mass spectrometer in the usual way. Often ionised oligomers

of the matrix are desorbed along with the sample ions, which may serve to

usefully mark the mass spectrum {e.8.in positive ion analysis

[(glycerol)r, + H]+, m / z (92n + 1), where n is an integer]. The molecular ions

formed are most often even electron ions; protonated and deprotonated

molecular ions are formed in equal abundance,(88) although only one charged

type is admitted into the mass spectrometer for further analysis. Under most

conditions the degree of fragmentation is an increasing function of the energy

density of the primary ion beam and of the chemical and physical nature of the

t
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sample and its support, since the ions are ejected from the condensed phase'

FAB is classed as a 'soft' ionisation method, thus suiting comPounds that are

thermally unstable, have high molecular weights and are polar.

It is important that the sample should dissolve in the matrix, preferably being

marginally more hydrophobic than the matrix so that it will occupy the

matrix /'vacuum' interface. This is desirable because the atom beam only

penetrates about 10 nm into the matrix. The most surface-active(89' 90) or

hydrophobic componenls(9l) are said to populate the surface and suppress

ionisation of the remaining components. Matrix additives may be used to

increase surface activity and thereby increase ion currents.(92,93) Glycerol is a

commonly used. 6¿11i¡.(80, 87) Alternative matrices are thioglycerol or a

eutectic mixture of dithioerythritol and dithiothreitol (5:1),(9a) known as

'magic þulls1'.(95)

positive and negative ion FAB mass spectra are recorded with similar facility,

with molecular weights normally being given by abundant [M + H]+ utt¿

tM - H]- ions, respectively. It is true that the neutral sample molecule [M], will

also be desorbed, but since the molecules being analysed usually have polar

sites (e.g. -CO2H, -NHz), then the corresPonding ions (-COz-, -NH3+) are

desorbed in comparable amounts. The pH of the analyte sample in the matrix

can be altered on the probe tip; the addition of a small amount of acid or base

can significantly enhance the [M + H]+ and tM - Hl- ion signals

respectively.(96) FAB spectra frequently contain structurally useful fragment

ions, but in the positive ion spectra of large molecules (e.g. peptides) obtained

from a matrix, [M + H]+ ions are often the most abundant and dominant ions;

making molecular weight determination extremely easy by this technique.

Also, the applicability and ease of coupling to existing mass spectrometers have

shown that FAB is a useful and valuable technique for producing ions from

such compounds.
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The actual mechanism of ion formation by FAB processes is still debated' with

a number of mechanisms proposed to occur.(70) Such proposals range from:

the direct sputtering of ions preformed in solution, with evaporation of these

preformed ions from splash droplets;(97) to the formation of gas-phase ion

molecule reactions in the "selvedge region" just above the matrix surface after

desorption.(98, 99) Overall the desorption Process may be generally defined as

,,the direct formøtion of støbte moleculør ønd frøgment ions from non-aolatile

samples in the condensed phøse of , ølternøtiaely øs ø Process in which

aøporisøtion ønd ionisøtion øppeør øs ø single euent" .(70)

Since FAB is a 'Soft' ionisation Process, the ions have little excess internal

energy, resulting in the formation of intense parent ions with little or no

accompanying fragment ions. The main strength of the FAB MS technique

lies in the formation of these intense, long lasting Parent ions' enabling the

useofMs/Mstechniques(Seesectionsl.g-1.11).(100)Fragmentationcanbe

induced by collisional activation of these parent ions, with analysis by Ms/MS

processes to yield structural information'(101)

Principles of Mass SPectrometry1".8

Sector Instruments

Sector mass spectrometers analyse charged particles using magnetic and / or

electric fields.(s) Prototype mass spectrometers used only one magnetic sector'

which restricted the application of ion analysis due to low resolution and Poor

sensitivity. A lack of adequate vacuum systems was also a contributing factor:

spectra frequently contained peaks associated with singly and multiply charged

ions, as well as prod.uct ions formed from ion-molecule interactions occurring
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in the ion source. To be able to study gas-phase molecules it is necessary to

have the instrument under high vacuum throughout the experiment' thus

decreasing the probability of ion-molecule interactions that would otherwise

effect the energy and momentum of the ions under investigation'

Following ionisation the ions are accelerated through a potential difference (y)

out of the ion soufce and into the mass analyser' If the ions are formed with

negligible kinetic enefgy, then the kinetic ener8y of any ion after it has been

fully accelerated. out of the ion source is equal to the product of the charge and

voltage. [Equation (1.1'7)].(102)

mzt2 / 2 zV (w)

Where: ø is the mass of the ion; o is the velocity of the ion; z is the charge of

one electron; and v is the accelerating voltage. Magnetic and electric fields can

both influence the trajectory of charged particles'

Magnetic Sector Analysis

Ions with a high translational energy traverse the first field free region and

enter the magnetic sector, where they will experience a centrifugal force (zoB)

which is perpendicular to the magnetic field and to their direction of travel'

but equal to the centripetal force (mzt2 /r). Consequently, the ions will be

deflected in a circular path of radius r, in aplane normal to the direction of the

magnetic field of strength (B). As a result, ions with different mass to charge

ratios (m / z) are separated according to their momentum while traversing the
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magnetic sector according to equation (f.fg¡.(t02) Thus the magnetic sector can

be viewed as a momentum analYser.

r ma/zB (1.18)

Ions with equal kinetic energy but different mass will have different

trajectories through a fixed magnetic field. The ion separation is dependent on

the radius of curvature in the magnetic field as can be seen by equation

(r.rr¡.{toz¡

m/z g2y2 / 2V (1.1e)

Since mass spectrometers are built with a fixed magnetic sector radius, the

separation of ions becomes a function of both the accelerating voltage (If and

the magnetic field strength (B). Mass spectra can therefore be recorded by

scanning either the accelerating voltage or the magnetic field. Variation in the

accelerating voltage tends to cause defocussing of the ions and a reduction in

sensitivity; mass spectra are usually obtained by varying the magnetic field

strength of the magnetic sector.

Electric Sector Analysis

The electric sector consists of two charged parallel plates, where a uniform

electric field exerts a force on the ions that is perpendicular to their direction of

motion and in the direction of the applied electric field. As a result, the ions
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are deflected in a circular path of radius r, as given by equation (120), where E

is the electric field strength.(t0z)

ma2/r zE (1.20)

The above relationship illustrates that ions of the same translational energy

follow the same radial trajectory and will be brought to a common focus.

Similarly, ions possessing different kinetic energies follow paths of different

radii and may be detected by varying the electric field strength. Thus the

electric sector can be viewed as a kinetic energy analyser.

1..9 Tandem Mass Spectrometry

Theoretically, ions which have the same kinetic energy and mass to charge

ratio can be focussed to a common point after leaving the magnetic sector. Due

to slightly different potentials experienced after acceleration, these ions have a

spread in kinetic energies, which allows the ions to diverge. Any divergence

by ions that have the same mass to charge ratio, will drastically effect the

resolving potential of the instrument. This problem can be averted by

incorporating an electric sector either side of the magnetic sector, which will

focus the ion beam according to kinetic energy and improve the resolution.

The term 'tandem mass spectrometry' is used to describe mass spectrometers

that have two or more analysing ssç1s¡s.(103) In 1934, Mattauch and Herzog

began a new era in mass spectrometric research by designing an instrument

that incorporated an electric sector followed by a magnetic t".1s¡.(9, 10) Many
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other instruments were developed,(1'04) i¡sluding the reverse geometry variety

by Nier and ]ohnson in 1953.(105) For reverse geometry tandem mass

spectrometers, the term 'mass spectrometty / mass spectrometry' (or the

acronym MS/MS) is used to describe an instrument that uses mass

spectrometry for both mass separation and identificalien.(102) In such an

MS/MS experiment, the fragmentation of a parent ion generates daughter ions

each with a different momentum and kinetic energy from that of the parent

and it is the mass to charge ratio of the various daughter ions that is physically

measured (more specifically, it is the energy of the daughter ion that is

measured, from which the mass of the ion is obtained). A tandem double

focussing mass spectrometer focusses ions according to both momentum and

kinetic energy, which increases both the intensity and the resolution of the ion

signal.(106)

The ability of a mass spectrometer to separate ions of differing masses is

known as the resolving power, or resolution. For peaks to be resolved, the

height of the valley between adjacent peaks separated by Am must be L0% of

the height of the peaks at m and m + Am.(07) The resolution of an

instrument may be determined by the ratio of m / Am. This is illustrated in

Figure L.3.

m m+Am

Figure 1-.3: Illustration of the L0% valley between the resolved peaks m and

Am, whích are used to determine the resolution of a mass spectromelsv.(108)

h
-t0
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L.10 Collisional Activat¡ot (109)

The methods used to generate ions in the gas-phase are classified as 'hatd' or

'soft' ionisation techniques. 'Hatd' ionisation methods, such as electron

impact, give excess internal energy to the sample being investigated and results

in fragmentation in the source. Analysis of the these fragmentations allows

the structure of the sample to be elucidated. 'Soft' ionisation methods such as

CI and FAB produce ions that have relatively little excess internal energy,

resulting in the formation and detection of abundant molecular ions. This is

particularly the case when peptides are ionised by FAB, as stable even electron

ions [M + H]+ or [M - H]-, are produced which have little tendency to fragment

and little structural information is obtained. Mass spectrometers that use soft

ionisation methods are designed with the incorporation of collision cells

located. at focal points in field free regions. Ions of high translational energy

(e.g.SkeV) enter a collision cell and impact with an inert gas such as helium

or argon. The concentration of collision gas in the collision cell is directly

proportional to the pressure and this is measured by u gauge situated just

outside the collision ce11.. A pressure of approximately 5xt0-7 Torr reduces

the intensity of the ion beam by 10"/., which has been reported to correspond

essentially to single collision conditions.(110) Kinetic energy is the only

available ground state energy possessed by an ion after being fully accelerated

from the ion source. This process is known as collisional activation and

involves converting some portion of the ion kinetic energy into internal

electronic excitation energy from the interactions between the ion and the

electrons of the collision gas. The excess internal excitation energy generated

by the collision process is rapidly converted into vibrational energy which:

* 
Sio"" the gauge is outsid.e the cell, the measured pressure is slightly lower than that inside the

cell due to the gas dissipating from the cell.
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causes the ions to fragment, thereby producing daughter ions and

releasing energy through exothermic fragmentations;

intensifies existing fragmentations;

allows reactions to occur for pathways which normally have large

activation barriers.

(ii)

( iii)

Many positive and negative ion spectra have been generated using collisional

activation, yielding analytical and structural information or giving

mechanistic information related to gas-phase physical organic chemistry. In

cases where collisional activation results in the dissociation of that ion in the

same reaction region, the process is termed collision induced dissociation

(CID). In a reverse geometry instrument this leads to the acquisition of

collisionally activated mass analysed ion kinetic energy spectra (CA MIKES or

cA MS/MS).

L.L1 Collision Activated Mass Analysed Ion Kinetic Energy Spectroscopy

Reverse sector instruments have the magnet preceding the electric sector.

Therefore, it is possible to focus the magnet on an ion of a particular mass to

charge ratio before analysis by the electric sector. Ions of different mass to

charge ratios will have differing trajectories and consequently collide with the

walls of the mass spectrometer. This has powerful analytical applications if

there is a collision cell situated in the second field free region. Collisional

activation of the mass selected ion is therefore possible; and by scanning the

electric sector, the resulting fragment ions are analysed according to their

kinetic energy.
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If a parent ion of mass Mp-, decomposes on collisional activation to daughter

ions of mass MI and, neutrals of mass Mn [equation (L.2L)], the initial

translational energy of Mp- will be shared among the daughter ions M¿- and

the neutral molecules Mn.

*lL Md Mn (1.21)+

Thus a daughter ion Md-,wiIl possess a lower kinetic energy E¿,tlnan that of

the parentionMp-. A reduction in the electric sector voltage Ep,by the value

MA/ Mp, will enable daughter ions of mass Md, to traverse the electric sector

and produce a daughter ion spectrum. The masses of the daughter ions, M¿,

are given by equation (L.22).

Md Mp*Ea / Ep (w)

where Mp is the mass of the parent ion beam set by the magnetic sector; Ep is

the electric sector voltage required to transmit the parent ion beam; and E¿ is

the reduced electric sector voltage required to transmit a daughter ion of mass

M¿ as measured from the spectrum.

The peaks detected in a CA MIKES experiment are generally broad with the

width of the peaks corresponding to the amount of kinetic energy released in

the cleavage process to form that particular ion. A large amount of kinetic

energy release is generally indicated by the occurrence of a disc-shaped peak

and is indicative of a fragmentation that has a significant reverse activation

energY.(111, 112)
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Interference Peaks

Occasionally anomalous peaks are observed in MIKES experiments' which can

be formed from higher mass ions that fragment Prior to the magnet and form

daughter ions that have the same momentum as the selected parent ion'

These ions therefore traverse the magnetic sector along with the parent ion

beam. since the electric sector will focus ions into a narrow energy ran8e, any

ions formed prior to the magnetic sector are highly resolved' Therefore'

artefact or interference peaks can be identified by their highly resolved, narrow

appearance in comparison to the daughter ion peaks. However, if the artefact

ions fragment in the second field free region, they then become artefact

daughter ions which are indistinguishable from true daughter ions'

1..12 Quasi Equilibrium Theory(113)

The theory of unimolecular reactions is often referred to as the Quasi

equilibrium theory.(l1a) The Quasi equilibrium theory of mass spectrometry

attempts to (i) rationalise how parent ions (which are formed with an internal

energy in excess of the ground state) can decompose to form fragment ions and

neutral species; and (ii) how a parent ion may fragment by more than one

pathway. The assumption that energy is randomised throughout the ion prior

to fragmentation has important implications. The daughter ion spectrum of a

mass selected parent ion is determined by: the energy dependent rate constants

of possible reaction pathways; the time required for the reaction to occur; and

the internal energy distribution of the ions'

A mass spectrum is a recording of a series of competing consecutive

unimolecular or collision induced decompositions of a parent ion' Ions are
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initially produced in various electronic, vibrational and rotational energy

levels, but rapid transitions (without energy release) lead to randomisation of

the energy and the formation of vibrationally excited ground state ions which

undergo fragmentation. Mass spectra therefore depend uPon the initial

transfer of energy and not upon the method by which the energy is transferred.

The work presented in this thesis is composed of two sections investigating

peptide chemistry in the gas-phase. Chapters 3 and 4 apply positive ion

analysis to determine the primary sequences of amphibian peptides. Chapter 5

investigates the negative ion fragmentations of tetrapeptides as part of an

ongoing research into the understanding of deprotonated peptide chemistry in

the gas-phase. Due to constant improvements in design and technology, there

are many excellent mass spectrometers available today which are suitable for

these objectives: one such instrument is the VG ZAB 2HF mass spectrometer.

L.L3 Vacuum Generators ZAB 2 Sector High Field Mass Spectromslsl(115' 116)

The VG ZAB zlHF instrument is housed in the Department of Chemistry,

University of Adelaide and was used to obtain all mass spectra presented in

this thesis. It is a sector instrument consistingol a magnetic sector* followed by

an electric sectort arranged in the reverse Nier-]ohnson configuration. A

schematic diagram of the instrument is in Figure L.4.

Positive and negative ions may be generated in either the combined EI/CI ion

source, or using the FAB ion source and operation is possible in either the

* 
The VG ZAB 2:HF instrument has a magnetic sector of 30 cm radius that subtends an arc of 55o

t The VG ZAB z:HF instrument has an electric sector of 38 cm radius that subtends an arc of 8L',
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positive or negative mode of analysis. Both modes have been used in the

work described in this thesis.

The instrument's reversed geometry configuration and double focussing

capability allow high mass and energy resolution with the ions separated and

focussed according to their momentum vectors in the magnetic sector and

analysed in terms of kinetic energy in the electric sector. This arrangement

therefore permits mass analysed ion kinetic energy spectra (MIKES) to be

recorded.(117) çhurge reversal and linked scanning of the magnetic and electric

sectors are also possible. There are collision cells incorporated in the first and

second field free regions, between the ionisation chamber and the magnet, and

the magnet and electric sector, respectively. These collision cells enable

collisional activation and hence collision induced decompositions to be

observed. Ion detection is enhanced by an electron multiplier situated in the

second. field free region for single-focussing and a photon multiplier located

after the electric sector for double-focussing operation'
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Chapter 2 AMPHIBIANS AND PEPTIDES

" An obseraation of substøntiøl onlue is thøt all, or nearly øll, ømines ønd

peptides found in ømphibiøn skin haae their counterpørt in mammalian

tissues where they usuølly occur in much lesser anriety ønd concentration.

Hence, results obtøined in the study of ømphibiøn skin øre tf interest

transcending compørntiae phnrmacology and biochemistry, øs they møy

substøntiølly contribute to the understanding and interpretøtion of føcts

assessed in mømmøls ønd møy offer the bøsis for new reseørch trends in higher

aertebrates."

Vittorio Erspamer(l18)

2.L Introduction to AmPhibians

The word "amphibian" is derived from the Greek words amphi and bios,

meaning "living a double life", which accurately defines an animal that is

capable of living in water as well as on land.

There are three orders of amphibi¿'(119)

(i) Anura (frogs and toads);

(ii) Caudata (salamanders and newts);

(iii) Gymnophiona (wormlikeburrowers),

of which, the anurans have evolved inlo 24 families and more than 4000

distinct species.(120) Anurans are the amphibians that are the focus of

discussion in this thesis. At the close of the Paleozoic Period, around 300 - 350



Chapter 2 29

million years ago, amphibians made the most remarkable evolutionary

changes out of all the vertebrates, by emerging from the Devonian seas to

begin living on land.('J'21', 122) The structural changes that took place for

amphibians to adapt to terrestrial habitation included the development of:

legs, as a method of transportation between water sources; lungs, to permit

breathing when water conditions deterio lated;Gz3) v mechanism for

maintaining eggs under moist conditions;1z+¡ and dermal glands in the skin

that produced mucus secretions to prevent desiccation. It is the development

of the skin secretory mechanism that has remained a major contributor which

influenced survival in new habitats and the stability of the populations

throughout the ages.(123)

2.2 Glandular Characteristics

The environments that amphibians inhabit contain a plethora of animal

predators and micro-organisms. Consequently the dermal glands contain

various host defence chemicals, including alkaloid toxins,(12s, L26) biogenic

amines,(127-L31) proteins,(130) ¡¡qçins,(1zs¡ bioactive peptides,(130) and peptide

fragments associated with prohormone processing events;(132) all of which

have contributed to the welfare of the animal in hostile environments. The

dermal layer of the skin contains a non-homogenous distribution of three

histologically distinct types of cutaneous glands: the mucous,(12s) lipid(taa)

and the granular(1zs,'J'34-137); which are primarily distributed throughout the

dorsal surface of the r¡in(135, L36, 138) and are linked to the exterior surface by

means of secretory ducts.(125, 135, L39,1'40) The granular glands are of current

interest, as they are filled with circular vesicles with diameters of only a few

microns and this is where the components for the secretion are synthesised
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and stored.(135, 1'41) They are occasionally aggregated in hypertrophied

regions,(1a2) which is a feature peculiar to amphibians. These regions have

been classified into eight forms,(1a2) which are listed together with their

corresponding anatomical position in Table 2.1. An example of one of these

dermal glands is depicted in Figure 2Jl'.

Expulsion of the glandular secretions is under neuronal regulation(l43) and

occurs in response to stress, such as in a defensive behavioural disposition

against a predator (including bacteria); for which 80 - 90% of the glandular

contents are rapidly depleted .(135,1'41',144,1'45) The secretion can also be released

by stimulating the amphibian's peripheral nervous system by methods such

as: handling;(125, 138, 146) mild electric current;(137, 1'47) surface electrical

stimulation;(148) and injections of specific neuromodulators.(13s,1'47,1'43' L49)

Table 2.L

Hypertrophied Regions and their Corresponding Anatomical Position in Frogs

(1)

(2)

(3)

(4)

(5)

(6)

(7)

Coccygeal

Femoral

Inguinal

Parotoid

Rostral

Submandibular

Supralabial

on the flanks of each side of the body;

on the posterior side of each femur;

on each side of the body in the groin;

on the shoulders;

on the head;

adjacent to the lower jaw;

on the upper lip extending posteriorly

beyond the angle of the jaw;

on the calf.(8) Tibial
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an enormous rostral gland. Photograph

of Zoology, University of Adelaide, 5005'

2,3 Human Interest

Human association with anurans occurs in various forms in many cultures

and societies, with the earliest recorded inter-relationship between the two

occurring some four thousand years ago.(150)* Anurans have always intrigued

people especially in areas such as: mythology; witchcraft; folktales; literature;

medical science; food; or poisons for hunting and warfare (for a review see ref

* 
Undoubtedly the association predates written history
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1S1). This curiosity has led researchers to scrutinise frogs and seek scientific

explanations for their characteristic physiological and biochemical traits; and

also try and understand the significance of why particular frogs are used by

ancient and current tribal cultures for certain rituals, medical cures, hunting

and tribal warfare.

Amphibians still continue to arouse, on occasions, a sense of stigmatism, even

though there is renewed interest in the therapeutic properties of amphibian

skins - properties which have been recognised for more than two thousand

years.(t4z) For example, a typical medicinal application of powdered frog skin

was used as a heart stimulant and a diuretic.(152) In parts of South America

the treatment of warts and fungal infections was simply to strap a frog or toad

to the infected area.(120) Furthermore, Amazonian natives would mix saliva

with the skin secretion from a live frog, and then administer the concoction to

a line of fresh burns. The purpose was to achieve 'hunting magic' by reaching

a state of euphoria, after recuperating from profound malaise and then

listlessness.(153) Oddly enough there exists no evidence of aborigines using

frogs in any facet of their culture,(120, 154) except the Water Holding Frog

Cyclornnø ptøtycephølus , whích has been used as a source of water in difficult

1imss.(120) Flowever, not all frogs, and in particular certain parts of their

anatomy, could not be used for therapeutic gaín; there exist numerous

accounts in medical journals of people succumbing to poisons from touching

or eating frogs.(155) One recent example exemplifies the dangers of frog toxins,

where an Australian student who took up a friendly bet to eat the ovaries of

Bufo marinlts, cortsequently won $20 and a cardiac ¿1¡s51.(1'56)

The quest to chemically identify the bioactive agents in amphibian skin began

in the early 1960's, and has since resulted in them being classified(126) in16 16s¡

major categories as: (i) peptides;(130) (ii) biogenic amines;(127-1'31')
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(iii) bufogenins;(157) and (iv) alkaloids.$2s, 1'26) Vittorio Erspamer and

colleagues pioneered the work into the discovery and isolation of amphibian

skin peptides and. has since established that there is a wealth of biologically

active peptides awaiting discovery .(L'l'8' 128' 130' 131' 158-175) In certain frogs,

some of these peptides afe present in the stomach,(1'76) btaiî,(177' 178) central

nervous system,(179) and 61oo¿.(180' 181)

Characteristic features of frog skin peptides are:

(i) they are often present in large quantities in the skin, especially when

compared to their counterparts in mammalian tissues;(74)

(ii) different classes of pharmacologically active molecules are stored within

the skins of different species.(L82-184)

Erspamer has predicted that every frog peptide will have a mammalian

counterp¿¡1(11s) and cumulative evidence is supporting this prediction. A

multitud.e of species have been investigated, and has yielded an unexpected

diversity in the catalogue of previously undiscovered peptides. With over

4000 species of frogs known to date, only a comparatively small number have

been investigated. With the amphibian's tremendous diversity of readily

accessible, abundant, biologically active peptides, the frog is a vital source in

the discovery of hormones, neuropeptides and other substances that may not

be easily found within mammalian model systems'(174)

There is accumulating evidence that global frog populations are in serious

decline.(185, L86) Unfortunately, the traditional method to isolate these

bioactive peptides have involved killing the frog. In many studies more than

one thousand specimens of a single species would be slaughtered and their

skins removed and dehydrated before processing.$50,167,L87) It is therefore of

little wonder that methods of extraction had to be developed whereby the
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secretions could be obtained without the animal being sacrificed

many techniques that have recently been developed to

requirement.(135, 1g7, L4'J., !43, !44, L47-1'49) The latest method is termed 'surface

electrical stimulation' (SES).(148)

2.4 Extraction and Isolation

For the work presented in this thesis, sEs was the method used to extract the

secretions from the frog's dermal glands. It is a benign method where a typical

extraction involves holding the frog by the back legs, moistening the skin with

distilled water, and rubbing the back of the animal gently in circular motions

with a 21G platinum bipolar electrode. A milky white, viscous, and

occasionally odoriferous secretion soon aPPears on the skin surface' which is

washed from the frog with deionised water into a collecting vessel. This

procedure is continued for 30 seconds Per frog and aPPearS to have no adverse

effect toward the animal; the same specimen can be 'milked' on monthly

intervals, which is sufficient time for the glands to replenish.. The results

obtained are similar, if not better, than if hundreds of animals were sacrificed'

previous methods(Lsg, !67,187) for the isolation of the individual peptides

required the dried frog skins to be powdered, extracted with copious volumes

of alcohol before separation using alumina column chromatography, with the

structure determined by various bio-assays. Advances in technology have seen

this method being surpassed by newer methods of chromatography, namely

reversed phase high performance liquid chromatography (HPLC).

There are

meet this

* 
Previous studies have shown that the glands are replenished within 7 d'ays'G4l)
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2.5 Reported Peptides from Frogs

The peptides that have so far been isolated from frogs have been grouped into

categories by structure and biological activity. Many peptides that have similar

structure tend to show similar biological activity, although the extent of

activity varies from peptide to peptide. Below is a list of peptide families'

together with the name and sequence of an examPle peptide, and the frog from

which it was isolated. Residues which are highlighted are common to the

family; those which begin with a capital letter are the L enantiomer; residues

with lower case beginnings are the D enantiomer'

Bombinins [bombinin, Bombinø uøriegatø$9])]

Gly Ile Gly Ala Ser Ile Leu Ser Ala Gly Lys Ser Ala Leu Lys Gly Leu Ala Lys Gly
Leu Ala Glu His Phe Ala Asn (NH2) 

- 
(3)

Aneiotensins [crinia angiotensin II, Criniø georgiønø$88)l

Ala Pro Gly Asp Arg Ile Tyr Val His Pro Phe (OH)

Bombesins [litorin, Litoriø øureø$89)]

pGlu Gln Trp Ala Val Gly His Phe Met (NHz)

Bradvkinins lranakinin -Ft, Røna rugosøQ9l)1

Arg Pro Pro Gly Phe ser Pro Phe Arg Ile Ala Pro Glu Ile Val (OH)

Caerulins [caerulein, Litoriø rortu¡rqQ'93)1

pGlu Gln Asp Tyr(SO3H) Thr Gly Trp Met Asp Phe (NHz)

(1)

(2)

(4)

Caerins [caerin 1.!, Litoriø splendidøG92)1

Gly Leu Leu Ser Val Leu Gly Ser Val Ala Lys His Val Leu Pro His Val Val Pro

Vat Ile Ala Glu His Leu Nri2¡ (5)

(6)
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Dermorphins [deltorphi n II, Phyll omedus ø bic olourTT 3)]

Tyr ala Phe Glu Val Val GIY (NH2)

Dvnastins ldvnastin L, Limnodynøstes interioris$ga)f

--r

Gly Leu Leu Ser GIY Leu GIY Leu (OH)

Tachykinins [physalae min, Phy s øl øemus føs cumøcu76¡s5$9 6)1

pGlu Ala Asp Pro Asn Lys Phe Tyr Gly Leu Met Nff2¡

Tryptophyllins [tryptophyllin L]-, Litoriø Rub etløGe7)l

Phe Pro Trp Leu (NHz)

Xenopsins [xenopsin, Xenopus ¡o'o¡tQ'99)]

-

pGlu Gly Lys Arg Pro TrP Ile Leu (OH)

(7)

Magainins [magainin II, Xenopus laeais(Al' 180)]

Gly Ile Gly Lys Phe Leu His ser Ala Lys Lys Phe Gly Lys Ala Phe val Gly Glu Ile

Met Lys Ser (OH) 
r r 

(9)

Pipinins lpipinin I, Rønø pipiens$9s)i

-!r 

r

Phe Leu Pro lle Ile Ala Gly val Ala Ala Lys val Phe Pro Lys Ile Phe cys Ala Ile

ilL)" Lys Cys (oH) (10)

(8)

(11)

(L2)

(13)

Most amphibian peptides have molecular weights below 2000 Daltons'

However, some like the magainins and bombinins have molecular weights in

the range of 2000 to 3000 Daltons; these particular peptides show potent

antimicrobial activity and are thought to exist as simple amphipathic a-helices

that associate with lipid membranes and disrupt normal membrane

functions .(165, L74, t99)
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2.6 Amphiphilicity and Mechanisms of Action

It has been suggested that the functional environment of any peptide acting at

a biological surface, such as a membrane or cell surface, will often be

amphiphili..(200. 201) Thus, the expression of activity will usually involve

binding at the surface between the hydrophobic core of a structure and the

aqueous surround.ing. This type of anisotropic environment is likely to

induce the formation of discrete segments of secondary structure in the

peptide. This will occur if these structures result in the segregation of

hydrophobic and hydrophilic amino acid residues within the peptide sequence/

creating separate domains of complementary amphiphilicity' The formation

of amphiphilic secondary structures, such as cr-helices and B-strands and the

properties that they exhibit, have been studied in numerous peptide model

systems.

A linear sequence composed of alternating hydrophobic and hydrophilic

amino acid residues, results in the formation of an amphiphilic B-strand.e02)

Peptides of six of more residues with high B-strand content have a pronounced

tendency to self-associate* forming amphiphilic B-sheets,(202-20ø) burying the

hydrophobic regions. Alternatively they can bind strongly at amphiphilic

interfaces such as the surfaces of phospholipid vesicles, serum lipoproteins, or

even at the air-water interface, where extremely stable monolayers are

lorrrr"¿.(207)

peptides can form amphiphilic c¡¿-helical structures where the distribution of

the hydrophobic and hydrophilic amino acid residues in the linear sequence

depends on: the size and shape of the hydrophobic domain formed; the

* This self-association is evident in longer sequences since they are seldom soluble in aqueous

,o1rr¡i6¡s.(203, 204)
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repetition and frequency of such domains; and the availability for hydrogen

bond formation within the helix. Peptides that are about 20 residues long and

can form cr-helices with a hydrophobic domain lying parallel to the helix axis

along one side of the helix also serf-associate.(208,209) Discrete aggregated forms

of tetramers afe observed and, they Possess a high cr-helical content' although

the monomeric peptides have very little ordered structure in aqueous

solution. These peptides will bind to phospholipid surfaces and form stable

monolayers at the air-water interface; and they behave as monomers with an

cr-helical structure in both situations. Increasing the fraction of the surface of

the helical structure which is hydrophobic from one third to two thirds causes

an increase in the strength of these interactions, since the surface tension of

the peptide has now increased.(20g) The incorporation of a basic residue

(e.g. tysine or arginine) into the sequence such that it occupies a position in the

centre of the hydrophobic d.omain of the helical structure prevents

self-association, but does not effect binding to phospholipid vesicles or

monolayer stability.(210) Studies of peptides in the helix promoting solvent

1,1,1.-trifluoroethanol (TFE) show, that with suitable stabilisation by the

environment, the transition from a predominantly random coil to an cr-helix

will occur in peptides that are about L0 to l-5 residues long,(203) which is

consistent with data available for the stabilisation of amphiphilic cr-helices at

hydrophobic - hydrophilic interfaces .(206' 208' 2L1" 212) 600 MHz NMR studies of

caerin 1.1 (5) in TFE have shown that it forms an cr-helix from residues Gly (1)

to Val (9) and again from His (16) to Leu (25)'(213) This is shown in Figure 2'2'

The central portion from Ala (10) to Pro (15) is random in orientation' Caerin

1.1- serves to illustrate that peptides may not necessarilY' nor entirely orientate

themselves in a complete o-helix'
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(a) Gly (1)

(b)

Leu (25)

Figure 2.2: L0 overlayed scans of caerin L.1 using a 600 MHz NMR instrument'

show that an cr-helical secondary structure is attained by the amphiphilic

residues (a) at the N-terminus [(L) - (9)], and (b) at the C-terminus [(16) - (25)]'
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The identity of the hydrophobic and hydrophilic residues which constitute an

amphiphilic secondary structure is a much stronger determinant of the type of

secondary structure formed in an amphiphilic environment than the

periodicity with which they occur.(206' 214)- 1¡6*ever, the amino acid content

may make a significant difference to the overall stability of the structure

formed. An initial search for the potential regions of amphiphilic secondary

structures in peptides can be made by:

(a) scanning the linear sequences of residues for regions of alternating

hydrophobic and. hydrophilic residues that might form B sheets; and

(b) projecting the sequences on a helical net,(215)+ or as an Edmundson

wheel(216)t diagram to identify areas where the hydrophobic and hydrophilic

residues are segregated in separate domains on the cr-helix surface; many

potential amphiphilic helical structures of peptides have been identified by

this method. Magainin II (9) has been projected as the helical net and

Edmundson wheel diagram in Figure 2'3'

* This is true for all amino acid,s except for proline, which cannot participate in hydrogen

bonding and also causes kinks in peptide struc
+ e nencãt net diagram is a two-dimensional 1 €e-dimensional structure

of an cr-heli^ und carr be crudely thought of as and flattened"' Thus the

residues in the polypeptide 
"ttuin 

caä be vie' allowing the distinction

between hyrophobíc'urra nyarophilic residus of the peptide is always

located at the bottÃ of thã pag" und the the point of contact is represented b¡ the o¿-carbon

atoms of the r"ri¿rr"s in the þ"itla". The pará[el lines represent where complete revolutions

in the helix start and finish, wtricfr equates to the width of the lines being 3'6 amino acids per

revolution. The net is repeated every five revolutions'
Ì A 'helical wheel' diagram is a two-dimen

structure of an q,-helix' The perimeter of
polypeptide chain' The cr-side chains are

þetp""ãl"nlar to the axis of the helix' A
ãircumference since there are 3.6 residues per

per entire revolution of a helix. The a-carbon atoms of the residues in the peptide are

numbered from 1 to L8 for a complete helix starting at the N-terminal end'
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Figure 2.3: Magainin II (9) illustrated in (A) a helical net diagram, with the

hydrophobic residues circled, and (B) Edmundson wheel projection showing

thehydrophobicregionenclosedbythesemi-circle.

The following postulate sQoT) reflect uPon the properties of peptides with

membrane affinitY:

(a) Membrane affinity is an intrinsic property of the amino acid sequence of

the peptide.

þ) Membrane affinity is determined by the ability of the peptide to assume

an amPhiPhilic structure.

(c) The amphiphilicity of the peptide is defined by its secondary structure'

Magainin II
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(d) The secondary structure of the peptide monomer in aqueous solution

differs from that of the peptide interacting with the membrane'

(e) Peptides with membrane affinity do form micelles in aqueous solution

and the conformation of the peptide in these micelles approximates that

assumed in the membrane'

(Ð The extent of penetration of the peptide into the lipid bilayer, ranging

from weak adsorption to the disruption and fusion of the lipid bilayer,

d.epends on the relative hydrophobic - lipophilic balance of the

amphiPhilic PePtide.

G) The orientation of the amphiphilic peptide with respect to the plane of

the membrane lipid, bilayer depends on the geometry of the hydrophobic

and hydrophilic regions with respect to the secondary structural axis of

the PePtide.

(h) The amphiphilic and functional domains of peptides with membrane

affinity are frequently independent of each other. consequently, the

structure of the amino acids in the amphiphilic region can be widely

altered without noticeable loss of activity, provided that the

substitutions conserve the hydrophobicity and hydrophilicity of the

residues.

Hypotheses have developed regarding which segments of the sequence

penetrate the membrane, resulting in a central need to be able to measure the

relative affinities of the interacting hydrophobic phases' A number of

hydrophobicity scales have been produced,(217-227) with each method

constituting a separate operational definition; hence there is variation between

scales due to the interaction of a particular amino acid residue with water' The

Bull and Breess ss¿ls(218) is the hydrophobicity scale referred to when

hydrophobicity is discussed in this thesis, arrd is reproduced as Appendix A'
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Peptides with cr-helical secondary structures and a characteristic balance of

hydrophobicity are able to associate with lipid membranes;(22e) aggregation of

such peptides results in the formation of ion-channe\s.e29) The host cell dies

as a result of an influx (or efflux) of selective ions through the newly formed

opening, or as a result of a change in cell voltage.(230) The mechanism of

ion-channel formation is independent of peptide chirality' Recent studies of a

synthetic all p-enantiomer of magainin II compared to the natural product

provid.es evidence to support this proposal.(231) ¡4et" recently, a synthetic all

D-enantiomer of caerin 1..1. has also confirmed 1þi5'(232) Results from

biological testing of caerin 1.1 (5) show that it possesses remarkable activity

against a large number of viruses and bacteria. A different mode of action may

be occurring in this particular case as a modified version of caerin L'L (residues

3 - 25) has been found to be inactive. Loss of activity may be attributed to the

peptide being unable to span the lipid bilayer; similar observations with

cecropins have been reported.(233)

To be able to investigate the intimate bioscience of such a peptide, the amino

acid sequence of that peptide must be determined. From a historical

perspective, amphibian peptides wefe discovered by means of their

antimicrobial activity from bioassays,(234) with the abundant, highly active

peptides being identified easily. Nowadays the Process of cataloguing peptides

of significant abundance uses HPLC and mass spectrometric techniques; the

frog peptid.es reported in this thesis were catalogued by the same Process/

where the sequence determination was predominantly by mass spectrometric

investigations.
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2.7 Peptide Sequencing

The three major methods. used in the sequencing of peptides are: (i) DNA

sequencin g;(2sa, æ9) (ii) automated Ed.man d'egradations;(240) (iii) and mass

spectrometrY.

(i) DNA Sequencing

DNA sequencing is a fast and efficient method for indirectly deducing amino

acid sequences and is particularly useful for large peptides and proteins' Such

sequencing involves using the genetic code to represent the amino acid

sequence that is derived from the translation of the ribosome messenger RNA

(mRNA). The codon of each amino acid corresponds to three specific base

pairs in the mRNA chain. Correct elucidation of nucleotide base sequence is

vital for the determination of the protein sequence and must be interpreted

without one efror. The vitality of which can be illustrated by the fact that

every DNA sequence has three reading frames, each coding for a different

string of amino acids, giving one correct and two meaningless sequences'

Consequently, some protein sequence data must be required to define the

correct read.ing frame. Post-translational modifications are common and

cannot be predicted by DNA sequencing. Such Processes generate further

complications in structure determination.(2¿r) There are many known

covalent post-translational modification proc esses,(242-245) which include

carboxylation, decarboxylation, disulphide bond formation, glycosylation'

hydroxylation, methylation, N-terminal acetylation, phosphorylation,

proteolytic processing by specific proteases,e46) aîd sulphonation as examples'

* 
Crystallography (for a review of peptide crystallography see ref 235) and NMR(236' 237) cúr

also be used for structure elucidation. These two techniques are not used as frequentlY as theY

require significantlY more sample' CrYstallograPhy requires the PePtide to be crystallized;

NMR studies generallY require a powerful instrument, such as a 600 MHz machine which is

very exPenslve. The great advantage of these two methods is that they both can determine

the stereochemistrY of each individual amino

they are D or L amino acids

acid in the peptide, thus determining whether
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(ii) Automated Edman Degradations

Automated Edman degradations allow for the direct determination of the

primary structure of a peptide or protein where the amino acids from the

N-terminal are sequentially removed for analysis by HPLC' This procedure is

sensitive and allows for small samples to be loaded for analysis.

unfortunately, automated sequencing has some disadvantages such as:

(a)beingunabletoProcesspeptidesthatafeblockedatthe

N-terminvs.eLn(Theseinclud'eN-terminallymodifiedpep6¿"5(2a8)and

secondary amides such as pyroglutamic acid, where the lone pair of electrons

on the nitrogen are delocalised into the amide carbonyl, causing the initial

cleavage reaction with the isothiocyanate not to occur)' Secondary amines'

such as proline and its derivatives,

acids which contain primary amines;

are removed much slower than amino

(b) it cannot correctly identify rarer amino acids or amino acids which

have been modified ,(244) because the corresponding phenylthiohydantoin

(PTH) derivative either has an unknown retention time or is insoluble in

organic solvents;

(c) retain the peptide on the membfane as it sequentially gets smaller'

since a decrease in size can lead to an increase in solubility, hence sensitivity

and vital information are lost'

(iii) Mass Spectrometry

Whereas DNA sequencing and automated Edman degradations are

respectively viewed as biological and chemical methods of peptide sequencing'

mass spectrometry is viewed as a physical method and has a number of unique

capabilities. Mass spectrometry can:

(a) directly measure the molecular weight of a peptide with high accuracy
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and. resolution. If necessary, this can be achieved using amounts of

material at the picomole or femtomole level'

þ) obtain results from complex mixtures, including those that result from

enzymic digests, Edman degradations, "laddeI" sequencing, and

modified peptides, such as methyl esters'

(c) provide excellent sequencing information as a result of tandem mass

spectrometric methods, such as CA MIKES (discussed in sections 1"9 -

L.11), even if mixtures are used'

(d) distinguish the identity and location of post-translational modifications'

2.8 Mass SPectrometry and PePtides

Mass spectrometry is gaining in reputation as the choice method to obtain

peptide and protein sequencing information. The advent of FAB heralded a

new era in the way mass spectrometry could analyse biological samples'

particularly peptides and proteins. In recent times, electrospray mass

spectrometry has developed into a powerful method for the characterisation of

peptides and, proteins, as it couples HPLC with mass spectrometry.

It is possible to determine the primary structure of a peptide using only mass

spectrometry, but for efficiency and clarity it is used in combination with other

methods, such as chemical d.erivation, Edman degradations, and enzymic

digests.

Typical chemical d,erivatives made of peptides are: methyl esters' which

determine the presence and number of free carboxyl and primary amide

groups in the structure; and acylated peptides where the number of primary
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amine groups is determined by acylation. The detection of an increase ln

morecular weight determines (i) that the reaction has worked; (ii) that the

specificfunctionalityispresent;and(iii)thenumberofspecificgfouPs

modified.

Edman degrad.ations remove one amino acid from the N-terminus of a

peptide per cycle. Therefore, Edman / FAB ¡45(za9) determines the molecular

mass of the truncated peptide. The difference in masses determines which

specific amino acid has been removed. of all the common amino acids' there

are only two pairs that cannot be clarified by this method' These pairs are the

isomeric residues leucine and isoleucine,* and the isobaric residues lysine and

glutamine. The latter of course, can be identified by chemical modification of

the side chain, where lysine can be acylated, and glutamine can be converted to

the methyl ester. Removal of amino acids from the C-terminus is also

possible.( 251.-253) There are recent reports of improved methods of removing

aminoacidsfromtheN-terminalend,whicharebasedontheEdman

d.egrad.ationmethod,butdifferinmethodologybygeneratingamixtureof

truncated peptid.es, which when analysed give a series of molecular ions

corresponding to sequential losses of amino acids, and ultimately the peptide

sequence is read directly from the mass spectrum.(254'255) These Processes afe

known as peptide ladder sequencing'

Enzyme digests are extremely useful in peptide sequencing by mass

spectrometry. The use of specific enzymes is ind'icative of the presence of

specific amino acids. For example, Lys-c will only cleave a peptide at the

carboxyl sid.e of a lysine residue, and Asp-N will cleave a peptide only at the

Although Edman /FABMS cannot distinguish between leucine and isoleucine, Ramsay ef

o7Q50) have reported a method which distinguishes between them bY MIKES analYsis of the
*

deprotonated ion of the PTH derivative following the cleavage steP in the Edman degradation.
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N-terminal side of an aspartic acid residue. There are many enzymes that can

be used. They are classed as either endo-proteases, which are site-specific, and

exo-peptidases, which sequentially degrade the peptide from either the amino-

or carboxy-termini; FAB mass spectrometry is used to determine either the

resid.ue removed, the mass of the remaining peptid'e, or the product masses of

enzyme digests.(2s6) This process is known as FAB mapping.QsT-259)

2.9 Fragmentations of Protonated Peptides in the Gas-Phase

Tand,em mass spectrometry has been discussed previously in sections L'9 - L'11,

and is a powerful method of obtaining peptide sequencing informaliott'(260)

positive ionisation results in the formation of protonated gas-phase peptides

which, when subjected to CA MIKES, generate a series of fragment ions' The

mass difference between adjacent ion pairs reveals the identity of consecutive

amino acids. There are specific sites where fragmentation may take place and

consequently there are many ion series that can be generated, depending uPon

the type and position of certain amino acids in the peptide'(261' 262) These

fragment ion series have been comprehensively studied, resulting in the

fragmentation behaviour of protonated peptides being understoo d'Q63-265)

This behaviour can be rationalised using a nomenclature that identifies the

pfocesses which lead to the formation of these fragmentations'

Roepstorff and Fohlman(266) proposed a nomenclature where the fragment

ions generated from any of the three different bonds along the peptide

backbone were denoted by the uPPer-case letters A, B and C for cleavages with

charge retention on the N-terminal side of the cleavage site' Similar1y' the

letters X, Y and Z denoted fragmentations where charge retention was on the
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C-terminal side of the cleavage site. The addendum of prime and double

prime (or + L and + 2) to the letters indicated the addition of the respective

number of hydrogens. Biemann(261" 267) modified this nomenclature by

denoting the particular fragmentations* as lower-case letters: the ions, 'Yrl + 2'

and 'C¡ + 2' , are simply denoted as 'yn' and 'cn' as they frequently involve the

addition of two hydrogens. The numerical number appearing as a subscript

denotes the number of amide bonds from the terminus where the

fragmentation is taking place. Side chain fragmentations occasionally

observed in high energy CA spectra are 'w' and 'd' ions, which can identify

specific fragmentations of the isomeric residues leucine and isoleusins(268)+.

Internal fragment ions have also been reported.(271) These Processes are

summaris ed(263,264,272) in Figure 2.4.

An efficient method for the complete elucidation of peptide and protein

sequences integrates mass spectrometric techniques with the classical

methods.(2et, 273) In the past decade the Bowie research grouP has

characterised over eighty peptide sequences from the secretions of about fifteen

species of Australian frogs, mainly of the ¡¡¡s7'¡6Q'92' 1'97' 280-288) and

Limnodynøs¡ss(I9|' 289) genera; the approach involved using mass

spectrometry and confirming the sequences by automated peptide sequencing:

the two techniques giving complementary information.

* Lower case letters are used to avoid confusion with the single letter nomenclature of amino
acids.

t Such ions which distinguish between the two isomers are not always observed in our spectra.

Consequently we rely upon automated sequencing to identify these residues. However, it
should be noted that two independent research groups have recently reported methods of
differentiating between the them. Squire(269) et al. have reported a method using
neutralisation-reionisation mass spectrometry (NRMS - for a review of NRMS see ref 270)'

Ramsay(250) et al. have analysed the negative ion MS/MS of the PTH derivative following
the cleavage step in the Edman degradation.
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Figure 2.4: Peptide fragment ions observed in positive ion FAB CA MS/MS

spectra, where 'R' represents the side chains of the amino acids and 'Rn" and

,R.,"' are substituents, if. any, at the p-carbon of the nth amino acid'
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2.lo Reported Peptides from Australian Frogs

Erspamer has investigated frog skin peptides from different continents'Q74)

There are suggestions that amphibian peptides are of interest from a

taxonomical and evolutionary point of view, as restricted grouPs of

amphibians living in far distant geographic areas may contain closely related

or identicat peptides. There are more than 208 species of known frogs in

Australia .Q7s) The investigation into Australian frog skin peptides led to the

isolation of the neufoPePtides caerulein (6),(193) from Litoriø cøeruleø and

uperolein (14),Q75) from Uperoleiø ruSosø'

Thebiologicalandpharmacologicalactivityofcaeruleinshowsthatthereis

wid.e spectrum activity, which resembles that of the gastrointestinal hormones

gastrin and cholecystokinin, and has clinical applications'(160' 276' 277)

Caerulein has also been isolated from the skins of a south American frog

Leptodøctylus pentødøctylus løbyrinthicus'

Xenopus løeais.Q79)

and the African clawed frog

Uperolein is a member of the tachykinin family of peptides' Tachykinins are

fastactinghypotensivepeptidesandarewidelyfoundinmammals,

amphibians and octopi. since the tachykinins are of particular relevance to the

subject matter of this thesis, the structures of a select few are listed inTable 2'2'
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Table 2.2: T}lre Structures of a selection of T kinins.

a The general sequence is highlighted

2.11. TachYkinins

Erspamer's investigation into the skins of uperoleiø species led to the

discovery of uperolein (L5), [Lyss, thr6] physalaemin (L8) and the isolation of

litorin (2) and [Glu (OEt)] litorin (19)'(187)

pGlu Gln Trp Ala Val Gly His Phe Met (NHz)

pGlu Glu(OEt) Trp Ala Val Gly His Phe Met (NH2)

(2)

(1e)

Litorin and [Glu(oEÐ] litorin are members of the bombesin family of peptides;

whereas uperolein (or [Proz, lla6] physalaemin) and llyts, Thr6] physalaemin

(18) are members of the tachykinin family of peptides, and are structurally

related to physalaemin (L1.) isolated from the skin of the south American

leptodøctytidøe fuog Physøløemus føscumøculøtus. Bioassays show that

uperolein has activity similar to physalaemin and exhibits potent vasodilation

and hypotensive action together with intense sPasmogenic activity of smooth

muscle.(159)

aSTach kinin

pGlu Ala Asp Pro Asn Lys Phe Tyr Gly Leu Met (NH2)

Arg Pro Lys Pro Gln Gln Phe Phe Gly Leu Met (NHz)

pGlu Pro Asp Pro Asn Ala Phe Tyr Gly Leu Met (Nff2¡

pGlu Pro Ser Lys Asp Ala Phe Ile Gly Leu Met (NH2)

pGlu Asn Pro Asn Arg Phe Ile Gly Leu Met (NHz)

Thr Phelu Ala G1 Leu Met (NH2)Pro

(11) Physalaemin

(14) Substance P

(L5) Uperolein

(16) Eledoisin

(1r7) Phyllomedusin

, Thr6l-
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A large number of tachykinin analogues have been synthesised and examined

pharmacologically by several workers Qgo-zgï) in an attempt to elucidate the

structure - activity relationships within this grouP' The observations and

conclusions from these studies are pertinent to the content of this thesis and

are briefly discussed below (see ref 160 for a more detailed discussion of these

observations).

(i) shortening of the tachykinins by successive elimination of the

N-terminal amino residues d.own to the C-terminal hexapeptide' left the

hypotensive effect essentially unchanged. A minimum of five amino acid

resid.ues was necessary for a detectable, but very low, activity.

(ii) The C-terminal amide grouP is apparently not essential for biological

activity. In the c-terminal hexapeptide, methionine-nitrile could replace the

methioninamid.e residue with no loss in hypotensive activity'

(iii) Changes in amino acid residues gave rise to erratic results' In general'

any change in the C-terminal tripeptide or in the residue at position 5 (from

the C-terminus) caused an enormous decline in activity. Conversely, replacing

the methioninamide with ethioninamide caused a considerable enhancement

of most activities. Replacing alanine at position 6 (from the C-terminal) with

lysine enhanced the biological activity by increasing the affinity of the new

peptide for vascular smooth muscle'

(iv) The entirely D-enantiomer of the hexapeptide was inactive of itself and

did not antagonise the L-enantiomer' Replacement of an L-amino acid residue

with the corresponding D-enantiomer in the hexapeptide caused a striking

decrease in activitY.
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(v) Substitutions of various amino acids in various positions yielded

unpredictable results: the biological activity either diminished or disappeared'

or a definite potentiation of activity was observed'

The comparative potencies of the tachykinins vary for different in aiao and in

aitro assays, with physalaemin being the most potent, uperolein being most

closely chemically and. biologically related to it, and substance P the most

dissimilar.(15e) All of the amphibian tachykinins behaved qualitatively in the

same manner, the order of potency being: physalaemin > phyllomedusin >

uperolein. The vascular effects induced by tachykinins can be obtained with

amounts as low as L0-12 to L0-13 g/Kg.çso) The physiological effects of

tachykinins have been extensively studied ,eg}-298) and a brief synopsis is given

here

Experiments performed in human subjects showed that tachykinins' given at a

rate of 0.6 ¡rg/min, caused a transient fall in mean arterial Pressure

(tachycardia).Higherdoses(2to5pglmin)causedsimilarbutmofe

pronounced changes, with sid,e effects including genefalised intense erythema'

burning of the eyes and dizziness. They are also a powerful dilator of vessels

in skin and skeletal muscle. Higher doses produced an erratic hypertension

which could be completely blocked (or reversed) by sympatholytic drugs'(299)

Tachykinins are completely devoid of toxicity in acute experiments and doses

as large as one million times the hypotensive threshold dose could be given

with full recovery by the animals: this appears to be a unique example of

tolerance. They are also highly active in modifying brain circulation' Even

though the most prominent activity of the tachykinins is the vasodilating'

hypotensive action, a practical application in the treatment of hypertensive

conditions has not been found because of the brief duration of the effect and

the possible changes in vascular permeability. Tachykinins produce a strong
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stimulation of secretions from the salivary and lachrymal glands; as a

consequence, clinical applications have been tested for the treatment of

Sjöegren's syndrome and other types of kerøtoconiunctiaitis siccø'(300-302)

The biological importance of amphibian tachykinins' which are Pfesent in

highconcentrationinamphibianskin,ispoorlyunderstood.Ithasbeen

proposed that tachykinins are major transmitters of the amine precursor

uptake system,(3O3) and. that these peptides could be expressed in tissues

derived from the neuroectoderm, such as the cutaneous skin glands' It is

proposedthatthetachykininssynthesisedintheskinmayactas
neuromodulators. Alternatively, they may act locally in the regulation of

water and electrolyte balance as well as being involved in defense against

infection of predatory ¿11¿s¡e.(174) Much of the current research into

tachykinins investigates the action of the mammalian analogue' substance P

(for a review of mammalian tachykinins see ter I79)' There is evidence to

suggest that the presence of substance P in the frog spinal cord indicates that

tachykinins may play aneurotransmitter role in the primary sensofy afferents'

as has been established in mammals. An increasing body of evidence indicates

that,inmammals,substancePisimplicatedinnociception'(304-308)In

amphibia, electrophysiological studies support the hypothesis that substance P

is a putative transmitter involved in segment reflex activity(3O8) and has a

d.irect depolarising action on motoneurons'(309)

Apartfromtachykinins,thereareanumberofamphibianpeptideswhich

have been, or are currently being assessed for their viability for clinical

applications. There are too many to mention here, however, the

determination for finding clinical uses of amphibian peptides is gaining

momentum and world wid.e attention. For example, the majority of the

highlyacclaimedmagainingarealread.yintothenextphaseofdrug

assessmenl.(155)



Chøpter 3 56

Chapter 3 ITPEROLEIA INUNDATA

" Su)eet øre the uses of ødaersitY '
Which, tike the toød, ugly ønd oenomous'

Weørs yet ø precious jewel in his head"""

W. Shakespeare' As You Like lt' (II' Ð'(310)

3.L Historical Aspects of the Genus Upetoleiø

prior to 1980, two geographically widespread' genera of small' glandular-

skinned, fossorial frogs were recognised in Australia: lJperolein and

Gløuertiø. Together they formed one of the most confusing and inadequately

defined components of the Australian anuran fauna' For example' there wefe

two principal problems concerning the genus lJperoleiø: (i) that the concepts

of.lJperoleiø hinged largely on morphological d'ata derived from 'abundant'

specimensofU.mørmorøtøcollectedinWesternAustralia;(311)and(ii)that

the locality descriptions of where these specific specimens wele collected was

imprecisely record,ed.: a f.aciwhich is reflected by this species being reported

only twice from western Australia between L84L and 1939'(312' 313) Therefore'

the concepts of the genus may well have been used to describe similar frogs

found several thousand kilometres away in eastern Australia' Ét2'3L4)

The genu s Gløuertiø was d.escribed' by Loveridge in 1933(315) with minimal

attention to morphological detail. The taking of measurements as well as the

anatomical examination for generic characters was rendered difficult by the

shrivelled condition of the series, which apparently has been attributed to the

direct result of the specimens being immersed in a concentrated alcoholic

solution.
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Many herpetologists have attempted to red'efine the two gener a'(312' 3't'4' 3L6-319)

culminating in the following events:

(Ð

(ii)

(iii)

(iv)

In 1-933, Gløuertiø russelliwas classified as a distinct species based on the

Presenceofpartlywebbedtoes,whichdistinguisheditfromthe
lJperoleiøspecies that were then known to lack interdigital webbing;(315)

In !940, Gløuertiø was redefined to include Pseudophryne mjobergi. and

a new species G. orientølis: both having webbed toes and extensively

exposed frontopntietøl fontønelles (forehead¡;(a1z)

In1971',G.mjobergiwastransferredtot'lperoleiøbyLynch'who

commented that the genera were closely related;(318)

By Lgg0 it had been established that there was no clear dichotomy

betweenthegenera,andnosinglecharacteronwhichGløuertiøcouldbe

maintained.. Both the extensive webbing and the exposed frontopørietøl

fontønelles of. Gløuertiø are extremes of trends apparent ln lJperoleiø'

Since it was no longer possible to maintain recognition of Gløuertiø' all

speciesinthegenusweretransferreð'totJpersl¿i4'@2r)

3.2 The Genus UPetoleiø

ThegenuslJperoleiøbelongstothefamilyofanuransknownas
Leptodøctylidøe and.was first reported by Gray in L841'(311) t'Iperoleiø is a very

conservative genus, with all species having similar body proportions' All

members of this genus are burrowers, generally have warty skin and attain a

maximum length of 3.5 cm, with limbs being very short' They have cryptic

* 
Psuedophryne and' l)peroleia genera-are very closely

isolation oi firr" tachykinins fuom Psuedophryne gun
related.(120) fhis is evident from the

theri wiriicin ate structurally similar to

uperolein.(320)
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markings and the differences between most species are extremely subtle' since

l.gS0thenumberofreportedspeciesinthisSenushasrisenfrom6to24

forowing intensive research(l20, 
g2r) and it is therefore understandable that

past researches involving this gentrs may well have been complicated by

misidentification. For exarnple, Erspamer's investigation into lJperoleiø led to

the extraction of peptides from u' rugosn (collected from Brisbane and New

South Wales) and l-1. mørmorøtø (collected from Brisbane) 'Q'59' L87' 276)

However , lJ. marmorøta is now known to be confined to the K'imberley region

on the other side of the contingnl.(322) Clearly the material examined by

Erspamer and his colleagues was incorrectly identified and compounded

several distinct sPecies'*

The distribution of lJperoleiø ex1ends from the Pilbara across the north of

Australia and down the eastern side of Australiu92z) (see Figure 3'L)' It does

not reach Tasmania.

Tfle 24 species of this genus include: I'1. ørenicoln'Ll' øltissimø'u' øsperø'

lJ' borealis, lJ, cøpittlløtø, Ll, crøssØ, U' fuscø, tJ. gløndulosø, l)' inundøtø,

U' løeai gøtø, lJ, lithomo d a, l.l, littlej ohni, LI. mørm or øt ø, l.I' mør tini,

lL. microm.eles, Lr, rnimulø,\L. minima, U. mjobergi,lJ. orientøIis, LI' rugostt'

l-1. russelli,u. talpø,LL trøchydermø and U' tyleri'

we have commenced a project to identify the major peptide components of

the secretions of severaI tlperoleiø species, and to determine the biological

activities of the peptides. Raftery(323) undertook a preriminary investigation

into the secretions of U. inundøta,Lr. tithomodø,\J. tittleiohni,lf' micromeles'

u. mimula and. lJ. rugosø. The initial results showed that (i) these species

* Ll. Rugosø shares it's habitat with U' capitulata' lJ' fusca' ar:d U' la

similar markings

eaigata. All have
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0 o

Figure 3.1: Distribution of the genus llperoleiø in Australia, adapted from

refs.(120, 321)

have a significant number of peptides in their secretions (as determined by

HPLC and Ms), and (ii) l.I. miÚomeles contains uperolein, whereas u' rugosa

does not! This thesis reports the results obtained' from detailed studies of two

l.lperoleia species: l-1. inundøtø and Ll' miobergi'
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3.3 llPetoleiø inundøtø

+--'
\

t¡'

Figure 3.2: Photograph of llperoleiø inundøtø, courtesy of M' j' Tyler'

Department of zoology, The university of Adelaide, south Australia' 5005'

The Floodplain Toadlet lL. inundøtø was first described by Tyler et øl in

1991.(321) It is a small frog attaining a length of between L.8 and 3'2 cm and has

glands distributed throughout the dorsal surface as can be seen in Figure 3'2'

Figure 3.3 shows that it is confined to a region extending from the coastal areas

of the Northern Territory (through Arnhem Land and Kakadu)' to the Gulf

country of Queensland. The seven specimens studied for this proiect were

collected in the vicinity of ]abiru, and maintained in captivity'

l¡
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Figure 3.3: Distribution of lJperoleia inundøtø'

Thirteen peptides have now been isolated and characterised from the dorsal

gland secretion of U. inundøta. The peptides have been named uperins and

have been classified into six subclasses. The amino acid sequences of the

thirteen peptides are listed in Table 3.1. The methods by which the primary

structures of the uperin peptides were determined are described in section 3'4'

The benign method of mild, surface electrical stimulation of the skin glands

(see secti on 2.4) was used to effect release of the glandular secretions' On

average, each 'milking' prod.uced about 3.5 mg of peptide material per frog'



Table 3.L: Amino Acid sequence of the uperin Peptides from u' inundatø'

(-J

R

(\\
qJ

o\
N)

Gly Leu Ala Gly AIa lle ser ser Ala Leu Asp Lys Leu Lys Gtn ser Gtn Leu rle Lys Asn Tyr AIa Lys Lys Leu Gly Tyr Pro Arg (oH)

Gln Ser Gln Leu lleAla lle Ser Ser VaI Leu ProLeuLAlaAsnLeuLLeu AlaGI

Asn Val AlaSer Phe Vat Val Ser Ala Ile LIle HisVal GlG1

Phe Gln Phe Val Asn Pro Ser Ile Val Phe Ser

Gly Val Leu Asp Ala Phe Arg Lys Ile Ala Thr val val Lys Asn Val val (NHz)

Gly Val Leu Asp Ala Phe Arg Lys Ile Ala Thr vat Val Lys Asn Leu Val (NHz)

Asn Leu ValIle Ala Thr Val ValVal Leu LG Ala Phe

Gly Ile val Asp Phe Ala Lys Lys Val Val Gly Gly Ile Arg Asn Ala Leu Gly Ile (oH)

Gly Phe val Asp Leu Ala Lys Lys Val val Gly Gly Ile Arg Asn Ala Leu Gly Ile (oH)

Gly phe Phe Asp Leu Ala Lys Lys Val Val Gly Gly Ile Arg Asn Ala Leu Gly Ile (oH)

Gly Ile Leu Asp Phe Ala Lys Thr val val Gly Gly Ile Arg Asn Ala Leu Gly Ile (oH)

Asn Val LeuIle LPhe Ala LIle Val Ile
G LVal Leu GlG1

Amino Acid

Leu MetPro Asn Ala Pheu Ala

1724

L456

3230

3258

1827

1841

1813

1926

1926

1974

19t3

1940

lM+H¡+u

1208

6.1

6.2

4.1

5.1

3.1

3.2

3.3

2.1

2.2

2.3

2.4

2.5

Uperin

L.1

a Nominal mass
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Figure 3.4: Analytical HPLC trace of peptides from the glands of U' inundata'

For full experimental details see Experimental, section 6'3' The labelled peaks

are unresolved and correspond to the coelution of [A] uperins 3.2 and 3'3, and

[B] uperins 2.4and2.5.

A typical HPLC chromatogram of the peptide material is shown in Figure 3'4'

It is a complicated chromatogram, with more than 50 peptides being present (as

determined by FAB MS in the 1000 to 3500 Da mass fange of individual HPLC

peaks). combined, MS and HPLC data indicate that eight of these are major

components, another fifteen are minor constituents, while the remainder are

trace components. HPLC data also indicate that each 'milking' of a single frog

produces 100 - 200 pg of the major comPonents and 25 - 50 [r8 of each of the

minor peptides. This chapter reports the structures of the eight major peptides

and five of the minor components' The majority of peptides have molecular

weights between L200 and 2000 Da, with two having molecular weights greater

800

4.

6.2
600

CO
I
O
Flx
U'

o

200

than 3200 Da.
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3.4 Sequence Determination

The sequences of the uperins (except uperins 6.1 and 6.2) were determined

primarily by FAB MS and associated techniques. Positive ion FAB MS

determined the molecular weights of each peptide and modified derivatives

(as appropriate). Manual Edman / FAB MS was used to identify a number of

amino acids from the N-terminal end of each peptide. Esterification / FAB MS

was used. to determine the identity of the C-terminal group and to specify how

many amide and carboxylate side chains are present. An increase in mass by 1'4

or L5 Da (or multiples thereof), respectively indicates the presence of CO2H and

CONH2 groups. Enzymic digest experiments provided essential data in most

cases. A successful digest ind.icated the presence of a particular amino acid and

cleaved the peptide into smaller segments; whereas an unsuccessful digest

suggested that the specific residue under investigation was not present. The

above methods in conjunction with CA MS/MS data generally provided the

complete sequence of the peptide; with the exception that the isomeric residues

leucine and isoleucine were not distinguished by these methods.* Automated

sequencing clarified this issue in all cases and also confirmed the proposed

sequence.t In the case of uperins 6.L and 6.2, we decided that it would be

inefficient to use the ZAB 2HF instrument to sequence the peptides. Instead,

their molecular weights were confirmed using the matrix assisted laser

desorption ionisation (MALDI) time of flight (TOF) mass spectromels¡(328) ¿1

the University of California, San Francisco, and their amino acid sequences

d.etermined solely using the automated Edman procedure.

* MS/MS data can on occasions differentiate between leucine and isoleucine by the loss of C3H6

from the former.(263,268,269) Such fragmentations are not always observed in the spectra of the

uperins. For brevity, leucine is specified as the residue observed by mass spectrometry, with
tlie clear understanáing that this means either. The correct structures are listed in Table 3.L.

t It has yet to be determined whether the amino acid residues are composed of the 'D' or'L'
amphibian peptides contain only 'L' amino acid residues. Exceptions are

the ãermorphins(324-az6) and deltorphins(327) *¡i"¡ each contain 'D' Ala

vely at por-itior, 2. Synthetic peptides with the 'L' amino acids have the

same retention times to the natural peptides on the HPLC column'
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Uperin L.1

(a) uperin 1.1 is an endecapeptide forming a parent ion [M + H]+ = L208'. It

has an HPLC retention time of 17.3 min (see Figure 3'4)' since it coelutes with

at least L0 other minor peptides, it was repurified by HPLC before further

sequence determinations were carried out'

(b) The conventional FAB mass spectrum (m/z tange L 300 to 500) shows

significant fragmentation which allows for almost complete peptide

sequencing. This is one of a very few peptides which we have isolated which

shows this feature: all other uperin peptides (except uperin 4.L) give Poor

conventional mass spectra, and are consequently sequenced using tandem

MS/MS techniques. The FAB mass spectrum of uperin 1-'L (Figure 3'5)

indicates the sequence to be pGlu Ala Asp [Pro + Asn] Ala Phe Tyr Gly Leu

(NHz), with the relative positions of Pro and Asn undetermined.

(c) Manual Edman / FABMS experiments proved to be unsuccessful'

suggesting that the N-terminal residue of the peptide was blocked by a

pyroglutamic acid (pyrrolidone carboxylate) residue'

(d) Esterification of uperin L.L increased the mass by 76 Da, which is

accounted. for by the presence of the pyroglutamate residue together with two

amides and one acid group. since the sequence is known to contain one Asp

and one Asn residue, the C-terminus must contain a CONH2 grouP'

* 
Masses of protonated peptides are given as nominal masses: i.e. the mass given by the

summation of the integtál ttr"tt"t of the individual amino acid residues'
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Phc Tyr Glv I¡¡ Mc. (NH¡)
Al¡

580 l2ot M+ Hl'

1200

tó9

5ü)
ll9l

911 r060
r097

l't5:¡
947727

t0t ß

ts

g,

mlz600

t90

r000

pcluA¡P Al¡

Figure 3.5: Conventional FAB mass sPectrum of uperin 1'1" Relative

abundance of peak / magnetic sector plot with the masses of peaks indicated in

Daltons. see Experimental (section 6.1) for details. The schematic arrows

shown at the top of the spectrum indicate data lor'b' ions, while those at the

bottom provide sequence information from 'y' ions' Peaks at m / z 552 and 699

are resPectivelY 'a5' and 'a7'ions''

(e) uperin 1.1 is thus likely to have the sequence shown in Table 3'1, but it

is necessary to confirm this structure since there are tachykinins with Asp (3)

and Asn (5), and also Asn (3) and Asp (S).(szo) To clarify the permutation'

uperin 1..1 was digested with endoProtease ASP-N (which cleaves at the

N-terminal side of asPartic acid residues), giving peptide 1' 14

* ïheintense ionatm/z 36gobservedintheFABmasssPectrumof uperinl'1 isconsideredtobea

'w7' ioÍr, formed by cleavage through the proline residue'
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([M + H]* = 1026).. Formation of this peptide involved the removal of the first

two residues of uperin L.!, aiz pGlu and Ala. This identifies Asp (3), and

confirms the sequence of uperin 1'L (Table 3'L)'

(Ð Automated sequencing was required to determine whether residue L0 is

Leu or lle and to confirm the overall sequence. This was achieved using

peptide 1.LA since it was unblocked at the N-terminal residue and both Asp

and Asn were unmod.ified.+ The amino acid sequence of uperin L'L is listed in

Table 3.L. Uperin L.L was synthesised (commercially): the natural and

synthetic peptides have identical FAB mass spectra and HPLC retention times'

Uperin 2.1-

(a) uperin 2.L has a HPLC retention time of 21.9 minutes (see Figure 3'4)' It

coelutes with uperin 2.2 and. three other trace peptides. uperin 2'L was

repurified and separated from uperin 2.2by HPLC (for details see Experimental'

section 6.3). FAB MS gave a parent ion [M + H]+ = t926'

þ) Uperin 2.1. is cleaved by Lys-C to form two peptides:

2.1^ ([M + H]* = 749); and

2.18 ([M + H]* = 1068)'

* 
The cleaved dipeptide corresponding to pGlu Ala OH (tM + Hl+ = 201) was not observed due to

masking by the FAB matrix.
+Yl

ever, the
of these
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(c) The first eight residues from the N-terminal end of uperin 2'1 are Gly

Leu Val Asp Phe Ala Ly, Lys as shown by the sequential manual

Edman / FABMS method. Thus the Lys-c enzyme cleaved uperin 2'I at Lys

(7) and Lys (8). Manual Edman / FAB MS also shows that the first four

residues of peptide 2.LB are val val Gly Gly which leaves a residual peptide

[M + H]+ =756,i.e.peptide2.LC'

(d) Peptides 2.7^,2.18 and 2.Lc were sequenced by cA MS/MS. The data

which provides sequence information is listed in Table 3'2' From these

experiments it is clear that peptide 2.LA corresponds to the first seven residues

of uperin 2.!, and. that a culmination of the data from peptides 2'7B and 2'1'C

give the sequence of peptide 2.LB as Val Val Gly Gly Leu Arg Asn Ala Leu Gly

Leu (oH). A representative spectrum of peptide 2.18 is pictured in Figure 3'6'

Table 3.2: CA MS/MS Data for Products from U 2.1,.

Se uenceIon t ions mlz (%)Observedmlz

Val Asp Phe Ala LYs

Gly Leu Val AsP Phe

b'

,l

270 (17); 385 (27);532 (55); 603 (30);

731 (100)

6s2 (37);57e (26); a80 Q6);365 (27);

278

2.'l,A 749

(oH)CA MS/MS data:of 2.LA Leu Val As Phe Ala

Asn Ala Leu (170)

Asn (241) Leu

Val Val G (1

55a (10); 668 $Ð;739 (1'6);852 (23)

582 (11); 6e6(13);e37 (5t);1050 (100)

e6e (25);870 (23); 813 ;6a3 Q3

1068 a

h'

2.18

(170)Partial of 2.LB: Val Val I Asn Ala Leu Gl Leu (OH)

Ala Leu Gly Leu

Leu (34L

s8a $2); a55 Q2);568 (17); 625 (3e);

738 (100)

643 ;302 (19)

756 b'2.\C

Leu (341) Ala Leu GlCA MS/MS data:of 2.7CPartial Leu (OH)
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Ile OH

1068

852

Asn Ala Leu

::i 232?3e 
8s2 

ss.

*,' þ, þ, þ, f ". þfr "44"q'4u"

'a' iong
'b' ions

OH

'y' ions

554

i-
t

668
969 870 813 A3

i
813

739

(x 2)

937
+

A3

r1
Gly lle Gly Val Val

Figure 3.6: cA FAB MS/MS spectrum of peptide 2.1B ([M + H]+ = 1068) derived

from the Lys-C digest of uperin 2.L. The schematic arrows at the top and

bottom represent the 'b' and'y' cleavage ions respectively' The spectrum is

void of information below m/z 500' Characterisation is aided by the use of 'a'

ions (see Table 3.2).

(e) Methylation of uperin 2.L gives a tris methyl ester ([M + H]* = 7969)

indicating the presence of one amide and two acid grouPs in the peptide' The

sequence data indicate the Presence of Asp and Asn residues' thus the

C-terminal residue must contain a carboxyl (COzH) grouP'

(Ð Combination of all of the above data provide the overall structure of

uperin 2.L except that isomeric Leu and lle are not differentiated' Automated

sequencing indicates Leu (17), Ile (2,3 and' 19)' The structure of uperin 2'L is as

shown in Table 3.1'.
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Uperin 2.2

(u) uperin 2.2 lorns a parent ion of [M + H]+ = 1926 and is isomeric with

uperin Z.I. k has a retention time of 22.2 mintttes and coelutes with uperin 2.1'

(see above). The structure determination of uperin 2.2 is the same as that for

uperin 2.L with the following exceptions. The only difference between the two

structures is at residues 2 and 5.

(6) Manual Ed,man / FAB MS shows the first eight residues of uperin 2.2 to

be Gly Phe Val AsP Leu Ala LYs LYs.

(c) Treatment of uperin2.2 with Lys-C gives two peptides:

2.2^ ([M + H]* = 749); and

2.28 ([M + H]* = 1068).

(d) peptide 2.2A corresponds to the first seven residues of uperin 2.2 as

confirmed by the CA MS/MS data listed in Table 3.3. Peptide 2.28 has the same

mass spectrum as peptide 2.LB (see Table 3.2).

Table 3.3: CA MS/MS Data for L Products from 2.2.

(e) Methylation of uperin 2.2 gave a tris methyl ester [M + H]+ = 1969, and

indicates that there are two COZH and one CONH2 grouPs present.

(Ð Uperin 2.2 therelore has the structure shown in Table 3.1. This structure

has been confirmed by automated sequencing and synthesis.

Peptide SequenceIon Observed fragment ions mlz (%)Peptide mlz
Val Asp Leu Ala Lys

Gly Phe Val Asp Leu

h'

,y

205 (88); 30a ßÐ; ale Qe);532 (52);

603 (a3);731 (100)

6e2 (78);5a5 (15); aa6 Q7); 331 (35);

218 (40)

2.24 749

Sequence of 2,2A'by CA MS/MS data: Glv Phe Val Asp Leu Ala Lys (OH)
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Uperin 2.3

(a) uperin 2.3 elutes from the HPLC column with a retention tirrie o1 229

mins (see Figure 3.4) and forms a parent ion [M + H]+ = 1974'

(b) Manual Edman / FAB MS of uperin 2.3 determined that the first five

amino acid.s from the N-terminal to be Gly Phe Phe Asp Leu and that there are

two Lys residues in the molecule.. The mass of the peptide after the first

manual Edman degradation increased by 213 Da, which is accounted for by the

addition of two PITC units (nominal mass: 135 Da) to two lysine residues' with

the loss of one Gly residue (from the N-terminal end of the peptide)'

(c) Lys-C digest of uperin 2'3 yielded peptides:

2.3A ([M + H]* = 797); and

2.sB ([M + H]* = 1068)'

therefore there must be two Lys residues adjacent to each other't

(d) CA MS/MS studies show that 2.34 has the sequence Gly Phe Phe Asp

Leu Ala Lys (OH) , i.e. t]ne first seven residues of uperin 2'3; peptide 2'3B is

identical to peptides 2.1.8 and,2,2B.. These results are tabulated in Table 3'4, and

Figure 3.7 is an examPle spectrum of peptide 2'3'

(e) Esterification of uperin 2.3 gave a product with a mass 43Da greater than

that of uperin 2.3 indicating the Presence of one coNH2 and two Co2H Sroups'

(f) combination of the above data together with automated sequencing

gives the structure of uperin 2.3 which is listed in Table 3.L.

* The coupling reagent, phenylisothiocyanate (PITC), is specific for primary amines' The

cr-side chain of tyJltr"'tËr*inates with a primary, amine-, which can couple with PITC' No

further reaction occuts/ thus an increase in mass is observed'
+ e p"ut in the full scan FAB mass spectrum aL m / z g25 (25% intensity of. m/z 797) is associated

wiïh,7gZ +Lys,,where the Lys-LyJbond was not completely digested.
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Data for L Products from U rin 2.3.

Phe

Leu

Leu Ala LYs OH

n9

740

Phe Phe Gly

797

Glv

b ions

Lys OH

y ions

331

3s2

AsP

580

a6 651

F
205

21.8

L

Figure 3.7: CA FAB MS/MS spectrum of peptide 2.34 ([M + H]+ =797), formed

from the Lys-C digest of uperin 2.3. The schematic arrows at the top of the

spectrum indicate the sequence derived from the 'b' cleavages' while those at

the bottom relate to sequence information from'y' cleavages' Peaks labelled F

(m / z L20) and L (m / z 86) are associated with the respective formation of

internal fragment ions of phenylalanine and leucine.

Peptide SequenceObserved fragment ions ø/z (%)Ionmlz
Phe Asp Leu Ala LYs

Gly Phe Phe AsP Leu

h'

'l
205 (18); 352 (25); a67 $00); s80 (ae);

651(M);77e (81)

7a0 Qo); se3 (33); aa6 @a); ßt $Ð;
218 (16)

7972.3^

Leu Ala L (oH)Phe PheCA MS/MS data:uence of 2.34 G
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Uperin 2.4

(u)Uperin2.4elutesfromtheHPLCcolumnwitharetentiontimeof24.3

mins (Figure 3.4), and has a parent ion of [M + H]+ = 191'3' It coelutes with

uperin 2.5 and a trace peptide. Repurification by HPLC separated these three

peptides.

þ) uperin 2.4 afforded. two peptides when treated with Lys-C enzyme' The

results of this digest are listed in Table 3'5'

Table 3.5: Results of the

(c)ManualEdman/FABMSindicatesthefirstthreeresiduesofuperin2.4

to be Gly Leu Leu. Manual Edman / FABMS determined that the first two

residues from the N-terminus of 2.48 are Thr Val; the first degradation

resulting in a residual peptide [M + H]+ = 1068' i'e' 2'4C' Peptide 2'4C was

digested with Arg-C yielding two smaller peptides2'4D and2'48 (Table 3'5)'

(d)Esterificationofpeptide2.4^saveanincreaseinmassof23Da

indicating that two COZH grouPs are Pfesent' Since 2'4A is a product of a Lys-C

digest, then one of these cozH grouPs must be at the C-terminus of 2'4^'

Esterification of peptide 2.48 gave an increase in mass of 29 Da' indicating that

ts of 2.4

lM + Hl+Resultant PePtideEnzyme Ut=4-
763

TL69

2.4^

2.48

Lys{Uperin 2.4

600

487

2.4D

2.48

Arg-C2.4C

one amid.e and one acid grouP are present'
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(e) cA MS/MS studies related to uperin 2.4 ate reported in Table 3'6 and

show that:

(Ð 2.44 has the sequence Gly Leu Leu Asp Phe Ala Lys (OH);

(ii) 2.4D proved to be inconclusive;

(iii)2.4E,isAsnAlaLeuGlyLeu(oH),i.e'thelastfiveresiduesof

uPerin 2'4'

Table 3.6: CA MS/MS Data for L Products from 2.4.

(Ð Automated sequencing of uperin 2.4 indicates the sequence to

correspond. to that listed in Table 3.L, and shows that residues 9-1-4 are val val

Gly Gly Ile Arg (oH). Resid.ues 9-19 arc therefore identical in uperins 2]" 2'2'

2.3 and 2.4.

uencetideObserved ions mlz (/")Ionmlz

Leu Asp Phe Ala LYs

Gly Leu Leu AsP Phe

171 (5);28a (D;3ee (20);5a6 (aÐ; 617

(5Ð;7a5 (100)

706 (3s);5e3 (65); a80 (a0); 365 (26);

2I8 o)

h'

,f

7632.44

(oH)
CA MS/MS data:o12.44,

Phe AlaGI Leu Leu

Leu Gly Leu

Asn Ala Leu

185 (3); zss (8);355 (7);46s (100)

370 2ee (7);186 (3)

487 b'2.48

Leu (OH)Asn Ala LeuCA MS/MS data:o12.48



Chøpter 3 75

Uperin 2.5

(a) FAB MS: [M + H]+ = 1940.

(b) HPLC retention time: 24.5 minutes (Figure 3.4). Uperin 2.5 coelutes

with uperín2.4 (see above) and is the major peptide in this fraction.

(c) Manual Edman / FAB MS: Gly Leu Val.

(d) The results of enzymic digests and esterification are listed in Table 3.7.

Lys-C digest of Uperin 2.5 gavepeptides 2-5A,2.58 and 2'5C'

Table 3.7: Results of the Lys-C Digest and Subsequent

Esterification eriments for 2.5

(e) CA MS/MS studies are recorded in Table 3.8 and Figures 3.8 - 3.10 and

show that:

(i) 2.5A is Gly Leu Val Asp Phe Ala Lys (oH), which are the first

seven residues of uPerin 2.5;

(ii) 2.58 is Gly Val Leu GIY LYs (OH);

(iii) 2.5C is Asn Val Leu Gly Leu (OH), which are the last five residues

of uperin 2.5 since it contains a C-terminal Leu reside.

* The number of acids and amides determined in these experiments pertain to the digest
fragments and not the parent peptide; thus C-terminal acids result from a successful digest.

AmidesAcidsesterification
^*

lM + Hl+Peptide

0

0

1

28

14

29

2

1

1

749

473

s1.5

777

487

544

2.54

2.58

2.5C



Chnpter 3 76

Table 3.8: CA MS/MS Data for L Products from 2.5.

(Ð The masses of the residues identified so hr raM41' Da lower than the

nominal mass of uperin 2.5; there must be an undetected portion from the

Lys-C digest. The unidentified portion must contain a C-terminal Lys; this' in

tufn, means that the 'missing'portion is Leu Lys (oH). Two possible structures

for uperin 2.5 follow from the above data, aiz"

Gly Leu Val Asp Phe Ala Lys Gly Val Leu Gly Lys Leu Lys Asn Val Leu Gly Leu

2.5D

Gly Leu Vat Asp Phe Ala Lys Leu Lys Gly val Leu Gly Lys Asn Val Leu Gly Leu

2.58

The correct structure is clarified by FAB MS analysis as the Lys-C digest

progresses. The basis of this experiment relies on the fact that different lysines

will be cleaved at differing rates, depend'ing on the local and chemical

environments which they are in, and their respective positions in the peptide

Ion Observed ions mlz f/")mlz

Val Asp Phe Ala LYs

Gly Leu Val AsP Phe

171.(1,8); 270 $a);385 (29); 532 (55);

603 (83);731 (100)

6s2 (32);57s (70); a80 (63); 365 (aO;

218

b'

,f

7492.54

CA MS/MS data:of 2.54
(oH)Phe AlaGI Leu Val

Leu Gly Lys

Val Leu

157 (s);270 (I3);327 (30);455 (7t)

4t6 377 100);20a (38)

473 b'2.58

(oH)
CA MS/MS data:of 2.58 Val Leu Gl

Leu Gly Leu

Asn Val Leu

h' 2ta $Ð; 327 (e7); 38a $a); 4e7 (100)

401. ;302 67),189

5152.5C

CA MS/MS data:of 2.5C Asn Val Leu Gl Leu (OH)
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sequence. In such an experiment, both 2.5D and 2.58 will eventually be

digested to give peptides 2.54 - C, but will be distinguished by the fragments

resultingfrompartialdigest:[M+H]+=756rot2.5D;[M+H]+=990for2.5E.

After L00 min of digest, a peptide was identified at m/z 756, verifying that 2.5D

is the proposed structure of uperin 2.5.

(g) Automated sequencing shows IIe (2, L3 and L9), as well as Leu (L3) and

Lys (L4), and confirms the sequence of uperin 2'5'

Val Asp Phe Ala OH

749

l7l 270 385 532 603 b ions

"-L+ê&tê4Lv"oH
692 579 480 365 218 y rons

73L

603

579

480

532

365

692
385

21.8F1
270

I {

Phe AsP Val Leu Gly

Figure 3.8: CA FAB MS/MS spectrum of peptide 2.54 ([M + H]+ =749), formed

from the Lys -C digest of uperin 2.5, with the 'b' ions being rePresented by

schematic arrows at the top of the spectrum and 'y' ions at the bottom. The

peak labelled F (m / z L20) corresponds to an internal fragment ion associated

with phenylalanine.

+ {



Leu

Chøpter 3 78

Lys OHGlv

317
4

4s5

157 270 927 b ions

""þ&&'Þ'o",--
+te stz 204 L47 y 10ns

204

4L6

270

Glv Leu Val Gly

Figure 3.9: CA FAB MS/MS spectrum of peptide 2'58 ([M + H]+ = 473)' formed

from the Lys -C digest of uperin 2.5. The schematic arrows at the top indicate

sequence information gained from 'b' ions. The 'y' ions are represented at the

bottom. The peak labelled L (m/z 86) corresponds to an internal fragment ion

associated with leucine'

L L57

147
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302

(x f(xr)
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Leu OH

497

| (xz) (x 1)

515

327

n,^ltæt"ì"t;teu oH(- l- l-'s
401 go2 189 y rons

21.l 327 384 b ions 2t4

189

L

v

384

401

I
Leu Val Asn

Figure 3.10: CA FAB MS/MS spectrum of peptide 2.5C ([M + H]* = 515), formed

from the Lys-C digest of uperin 2.5. The schematic at the top of the spectrum

indicate the 'b' ions which provide sequence information; similarly the

sequence information providedby'y'ions are denoted at the bottom. Valine

and leucine show internal fragment ions, which are indicated al m/272 and86

respectively by the letters V and L'
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Uperin 3.1.

In this case, only sufficient material was available to allow the following

experiments: (i) automated. Edman sequencing; (ii) one manual Edman; and

(iii) two MS exPeriments.

(a) uperin 3.L has a retention time o1 22.6 min and is a minor peptide' It

coelutes with 4 trace peptides and was repurified by HPLC; it has a [M + H]+

value of 1827

þ) The manual Ed.man / FAB MS increased the mass by 21'3 Da,

corresponding to the loss of a Gly resid,ue and the attachment of two PITC

units to two Lys residues (see footnote page7l)'

(c) Due to the limited amount of material available, the automated

sequencing was carried out before the mass spectrometric analyses' This gave

the partial sequence as Gly Val Leu Asp Ala Phe Arg Lys Ile Ala Thr Val Val

(L4) Asn Val (17). Residues L4 and 17 wete missed by the sequencef, which is a

direct consequence of the limited amounts of material available'

Enzymic digest with Lys-C cleaves uperin 3.L at positions 8 and 1'4 to
(d)

form three pePtides:

3.1A

3.1B

3.1C

[M+H]+=630

[M+H]+=905

[M+H]+=330

(residues 9 - M);

(residuesl-8);and

(residues 15 - 17).

Two Lys resid.ues in the structure is consistent with the observation

from the Edman degradation.
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(e) CA MS/MS (Table 3'9) gave the sequence of:

(i) 3.14 as Leu Ala Thr val val Lys (OH). A representative spectrum

is shown in Figure 3'1'1"

(ii) 3.LB gave the partial sequence Gly (Val+ Leu) Asp Ala Phe Arg

LYs (oH).

(iii) 3.1'C were inconclusive'

Table 3.9: CA MS/MS Data for Products from U 3.1.

(f) It has been established by cA MS/MS and enzyme digests that residue L4

of uperin 2.5, which was skipped by the sequencer, is lysine' This leaves only

residue 17 as being unidentified. The nominal mass of the parent ion

([M + H]* = 1827) infers that the C-terminal residue has a mass of L1'5 Da, i'e'

val (NH2). Uperin 3.L therefofe corresponds to the structure given in Table

3.L, and this has been confirmed by synthetic studies'

Peptide SequenceIon Observed fragment ions ml- f/")mlzPeptide

Thr Val Val LYs

Leu Ala Thr ValI'r

h' 185 (53); 286 (72);385 (60); a}a Qe);

612 (86)

517 62);446 246345

6303.1A

(oH)CA MS/MS data:of 3.LA Leu Ala Thr Val Val

Lys

Gly (212) AsP AlaPhe

75e (73);887 (100)

8as (3s); 636 (13);521 (1s); a50 0'Ð;

303 (12)

b'
,l

905

(oH)Ala PheCA MS/MS data:of 3.L8 L(212\
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L OHThr

b ions

OH

y ions

246

Val

345

Val

630

a

Leu LYs

M6
286

517
385

185

b
Lv

c

Val Thr Ala Leu

Figure 3.11: cA FAB MS/MS sPectrum of peptide 3.14 ([M + H]+ = 630),

formed from the Lys-C digest of uperin 3.1. Sequence information is provided

by ,b, and,'y'ions which are respectively shown as schematics at the top and

bottom of the spectrum. Intense internal fragmentation ions for valine and

leucine are show n at m / z 72 and 86 respectively. The base peak (a) in the

spectrum corresponds to m / z 474 which is an 'x4' fragmentation involving the

låss of Leu Ala.(3ze) Peaks (b) and (c), at m /z 367 and 268, corresPond to loss of

HzO from the respective 'b' ions at m / z 385 and 286: this is characteristic of

threonine.
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Uperins 3.2 and 3.3

(a) uperin 3.2 (tM + Hl+ = 184I), is a minor peptide that has a retention time

of 23.g minutes and coelutes with a major peptide, uperin 3.3, ([M + H]+ = 18L3)

(Figure 3.4). uperins 3.2 and,3.3 could not be separated by HPLC, therefore

their structures were determined primarily by tandem MS/MS as a mixture'

The notation of 3.2,gx denotes peptides which are derived from this mixture'

(b) Enzymic digest with Lys-C produced only four peptides: 3'2,3^,3'2,38,

3.2,3C and 3.2,3D. The masses of these peptides and their esterified products

are listed in Table 3.10

Table 3.L0: Results of the mixed Lys-C digest and the subsequent

esterification for 3.2 and 3.3.

(c) CA MS/MS sequence studies (Table 3'1'L) show that:

(Ð the spectra of peptides 3,2,gA and 3,2,38 were identical to the

spectra of peptides 3.14 and 3'18 respectively;

(ii) 3.2,gc gave the structure as Gly val Leu Asp Ala Phe Lys (oH);

(iii) the [M + H]+ species from g.2,3D has a C-terminal val (NH2)'The

identity of the remainder of peptide 9.2,3D could not be

determined from this sPectrum'

AmidesAcids
^

esterificationlM + Hl+Peptide

0

0

0

2

1

2

2

0

t4

28

28

30

644

933

777

374

630

905

749

344

3.2,3^

3.2,38

3.2,3c

3.2,3D



Chøpter 3 84

Table 3.1L: CA MS/MS Data for Lys-C Products from

a Mixture of U 3.2 and 3.3.

(d) The data obtained are summarised as follows:

3.2,34:

3.2,38:

3.2,3C:

3.2,3D:

Leu Ala Thr Val Val Lys (OH)

Gly Val Leu Asp Ala Phe Arg LYs (OH)

Gly Val Leu Asp Ala Phe LYs (OH)

[(Asn + Leu) or (Gln + Val)] Val (NHz)

[M+H]+=630

[M+H]+=905

[M + H]+ =749

[M + H]+ =344

The sequences of uperins 3.2 and 3.3 must be composed of a combination of

these four peptides. Peptide g.z,gD must be the last three residues of both

peptides due to the presence of the C-terminal amide, i.e. Yal (NHz). The

nominal masses of the parent peptides, implies that uperin 3.2 must therefore

be composed of peptides 3.2,g^, g.2,gB and 3.2,3D; whereas uperin 3'3 must be

composed of peptides 3.2,34 , g.z,gc and 3.2,3D. Summation of the nominal

masses of the residues which comprise uperin 3.3 fall 128 Da short of the mass

of the parent ion: there must be an additional Lys (unobserved in any of the

mass spectra) which resides at either position L or 8.

SObserved t ions mlz (%\mlz Ion

Phe Lys

Gly Val Leu Asp Ala

a56 $2);603 (a8);731 (100)

6e2 (61); 5% ê6); a80 (16); 365 (8);

2e4 (7)

749 h'
,y

3.2,3C

(oH)CA MS/MS data:o13.2,3C Val Leu As Ala Phe

Val344 b' 22s (76);327 (t00)

none detected

3.2,3D

(228) Val (NHt¡CA MS/MS data:of 3.2,3D
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(e) Automated sequencing of uperins 3.2 and 3'3 (as a mixture) showed that

they differed in structure only at residue 7, which the sequencer interpreted as

being Lys and. Arg. The structures of uperin 3'2 and 3'3 are shown in Table 3'1"

344

327

228 b ionT
Asn LeulVal NH,

5

228

200

Figure 3.12: CA FAB MS/MS spectra of peptide 3.2,3D ([M + H]* = 344), formed

from the Lys-C digest of an inseparable mixture of uperins 3.2 and 3.3. Loss of

NHs accounts for the base peak at m / z 327. The only sequence information

available derives from t]ne 'b2' aîd 'a2' cleavage ions at m / z 228 and 200'
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Uperin 4.1

(u)FABMSofUperin4.l.gives[M+H]+=lT24,Ithasaretentiontimeof

22.0 minutes and elutes with about seven trace peptides and was repurified by

(b) Manual Edman /FABMS indicated that the first two residues from the

N-terminal end of the peptide are Gly Val, and that two Lys residues are

present as an increase of 213 Da was observed for the first degradation'

(c) The conventional FAB MS spectrum (m / z range 1800 to 600) of uperin

4.1- shows significant fragmentation (cf. Uperin L.L). The spectrum is presented

as Figure 3.L3 and gives the partial sequence:

Gly(156)Ser(260)HisLysValValSerAlaLeuLysAsnValAla(NHz).

(d) Enzymic digest with Lys-c gave 3 peptides: 4.LA,4.L8 and 4'LC' The

masses of these peptides and their esterified products are listed in Table 3'L2'

Table 3.L2: Results of the Lys-C Digest and Subsequent

Esterification for 4.7.

AmidesAcids
^

esterification[M + H]+Peptide

0

0

2

L

1,

0

14

t4

30

858

630

332

844

616

302

4.1.4

4.18

4.1.C
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V¡.| Âl¡

6r{

Lys

E00 925

a26

800

L).

Vål Scr Àl¡

1024

1027

1111

1000

1537 ló36

1724 [M + H].

¿sf

cly

l¡u

1164 l182

1511

l7t7

1É67

699

1{23
74:4

707

6{n
1ãn

7295

(260)

1400 l600

(1s6)

Itn

Ser
His

Ser

Figure 3.13: conventional FAB mass sPectrum of uperin 4'1' Relative

abundance of peak / magnetic sector plot with masses of peaks indicated in

Daltons. see Experimental (section 6.1) for full details' Sequence information

is provided by 'b' and 'y' cleavage ions which are indicated by the schematic

affows at the top and bottom of the sPectfum resPectively' Peaks marked with

an astefisk (.) are the observed 'a' ions, which are 28 Daltons lower than the

corresPonding'b' ions'

CA MS/MS data (Tabte 3'13) gives the structures for:

(i) 4.14 as GIy Val Gly Ser Phe Leu His Lys (OH)' which are the first

eight residues of uPerin 4'L;

(ii)4.lBasValValSerAlaLeuLys(oH).Thisspectrumisshownas

Figure 3.14.

(iii) 4.1C is inconclusive'

(e)
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Table 3.1.3: CA MS/MS Data for Products from U 4.1.

(Ð From the available information, the proposed sequence of uperin 4'L is:

Gly Val Gly Ser Phe Leu His Lys Val Val Ser Ala Leu Lys Asn Val Ala (NHz)

Automated. sequencing confirms this structure and identifies Ile (6, 13)

Peptide SequenceObserved ft^g^.nt ion" *1" ("/"\-Ionmlz

Phe Leu His LYs

Gly Val GIY Ser Phe Leu

301 (2); aa} $);56I (6); 6e8 $t);

826 (100)

787 (1.s);68s (15); 631' $); ,aa þ);

3e7 (6 284 (e

b'

,y

8444.1^

(oH)
CA MS/MS data:of 4.1.4 GI Val Gl Ser Phe Leu His L

Ser Ala Leu LYs

Val Val Ser Ala

lss (1'8);2s6 $Ð; 357 (5Ð; 470

(65);5e8 (100)

5t7 (22); aß 62);331 (16);260 (16)

h'

'f

616

(oH)Val Val Ser Ala Leu LCA MS/MS data:o14.LB
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b ions

OH

y ions

Ala Leu
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OH

598

5L7

616

199 286 357 470

5L7 4L8 331 260 147 470
418

357

199
33L260

286

t47

+ { I

Ser Val ValLeu Ala

Figure 3.L4: cA FAB MS/MS spectrum of uPerin 4.18 (tM + Hl+ = 676), formed

from the Lys-C digest of uperin 4.L. The top of the spectrum lists the 'b' ions;

the bottom shows the 'Y' ions'

I
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Uperin 5.1

Uperin 5.L has a retention time of 18.8 min, coelutes with 8 trace peptides and

hasaparentionof[M+H]+=14S6.Inthiscasetherewasonlysufficient

material for an [M + H]+ measurement and an automated Edman

determination. The structure is listed in Table 3'L'

Uperins 6Jl' and 6.2

FABMS showed that uperins 6.1 and,6.2 had molecular weights in excess of

3200 Da: MALDI TOF mass spectrometry yield parent ions of masses 3233.85

and, 3¡26t.85 Da respectively. This together with automated Edman sequencing

gives respective structures as shown in Table 3'L'

Primary Structural Features of the Uperin Peptides from U. inundøtø3.5

Based on the primary sequences, the thirteen novel peptides have been

classified into six sub-groups. The basis of this classification involved

grouping peptides that have the same number of residues in the sequence as

well as the same identity at the C-terminal position, i.e. pñmary amide or free

acid. Uperin 4.1- was not classed as a uperin 3 type peptide for the following

reasons. It does not have an aspartic acid residue at position 4 which is

characteristic of all uperin 3 peptides; and it shares only 30% homology for

identical residues in the same position as other uperin 3 type peptides: uperins

3.i. - 3.3 share 90% homology. Also, uperin 2.5 is the most dissimilar uperin 2

peptide (55% homology, cf. uperins 2.1- - 2.4, 80"/" homology)' Uperins 6'L and

6.2 which differ only at residue 9, have greater tirran 95o/" homology'
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3.6 AmphiphilicSecondaryStructuralFeaturesoftheUperinPeptides

Although the primary sequences of the uperins have been determined' the

secondary structures must also be considered so as to give plausible

explanations for the biological activity that each of the peptides may possess'

The potential regions of amphiphilic secondary structure of uperins 2'3 and 3'3

are shown as both the Edmundson wheel and helical net diagrams in Figures

3.L5 and 3.L6 respectively. uperins 2.1- 2.5,3.L - 3.3 and 4'L show well defined

hydrophobic and. hydrophilic zones. Such a property suggests the possibility of

antimicrobial activity, as the peptide may form an u-helix and bind to the

surface of biological membranes, such as lipids in the outer membrane of the

bacterial cell. The helical peptide ultimately penetrates the membrane' forms

ion channels and causes an influx (or efflux) of ions, resulting in cell

¿"u11.r.(330)

Asn
15

4

t9

10
Val

Ile Glv
Gly tz'

Lys Val
L2

Gly
1

Ala
5Leu Asn

155

Ala

9 Val

13 il"

AsP \6

Phe
77
Val (NHz)

Leu

9 Ile

2 Val

13 v"l

AsP 16

GlyL8

ryJ
7

182 Phe

Lys

L4
Lys

6
L4

Arg
6

Ala
10

Ala

Figure 3.L5: Edmundson wheel projections for uperins 2.3 and 3'3'

3

Phe

17

Leu

J

Leu

Uperin 3.3
Uperin 2.3



1y

./
.Asn xl

LYS

Glv

.Lys
Lys

Glv

(u) (b)

Figure 3.16: Helical net diagrams for uperins 2.3 (a);3.3 (b); and 6'L (c)

G

Hydrophobic residues are circled'
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.@

Atg

v./GT

Lvs

L

Lys

Ser-Gln

Lys

(c)

Æln

Ser
Ser

G1

1i



Chøpter 3 93

The Edmund.son wheel projections for 5.L, 6.L and 6'2 are unusual in that they

show no discrete zones. The helical net diagrams for uperins 6'L [Figure

3.1.6(c)l aftd,6.2 are more informative as they suggest that there are distinct

hydrophilic and hydrophobic zones. The hydrophilic zone is clearly visible as

a continuous span of "uncircled residues" from Gly ( ) to Gly (27)' The

hydrophobic zone sPans the "circled residues" from Leu (2) to Pro (29)' but is

not clearly seen since the residues Leu (18) to Pro (29) are split by the net edges'

The helical net and Ed.mund.son wheel diagrams only suggest the secondary

structure of a peptide. Detailed studies of the secondary and tertiary structures

of a peptide can be obtained by using vefy Powerful NMR instruments (e'g' 600

MHz 1H NMR)."

since amphibian peptides have been proposed to have mammalian

analogues,(118) a data bank searcht for uperin s 2 - 5 was investigated' This has

shown no statistically significant correlation with any peptides or proteins

from other organisms

* 
The tertiary structure of a peptide in solution maY be determined, in Patt,bY a combination of

techniques such as circular dicroism, Fourier transform infrared and Raman spectroscopies and

nuclear magnetic ,"sonun"e.(237) ¡¡4¡1 is arguably the most imPortant of these techniques

because of the abundance of information it Provides' of the NMR techniques developedMuny

for the determination of large protein structures are also applicable to determination of smaller

peptide structures.(238) a¡t" nuclear Overhauser effect (NoE) is the most useful Parameter

measured from either one dimensional NOE difference spectra or from two dimensional NOESY

or ROESY) sPectra. The NOE arises from the cross relaxation between two nuclei which are

close in space, allowing the determination of a number of geometric constraints for each residue

of the peptide. CouPling constants, particularlY the vicinal couPling from the amide proton to

the a-proton may also be used to provide information about the tertiarY structure'

I Australian National Genomic
Service (Cruncher)'

Information 5"r,r¡çs(331) using GENINFO (R) BLAST Network
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3.7 Biological Activity of the Uperins

Due to the small quantities of natural peptides isolated in comparison to the

amounts required, for biological testing, sYnthetic analogues comPosed of all

L-amino acids wefe submitted for biological testing'. The testing Program for

theuperinshassofaronlyinvolvedscreeningforantibioticandantimicrobial

activity. The activity results of a number of synthetic uperins are listed in

Table 3.L4. What is evident from these results is that there is no uperin which

shows pronounced wide-spectrum antibiotic character (cf' caerin L'1- from the

Litoriøgenus).(193) Instead, the uperins show at least weak antibiotic activities

againstallofthelistedmicro-organisms.Theminimuminhibitory

concentration values (MIC) are in the range L00 - 250 þ,/mL' There are some

uperins which show medium activity (1 - 50 pglml) against individual

pathogens: these are indicated by an asterisk in Table 3'1'4' An explanation for

these observations is that lJperoleiø inundøtø may use uperins 2'! -2'5' 3'L - 3'3

and 4.Lcollectively to constitute an antibiotic 'cocktail" Perhaps this is one

feason why there is such a variety of structurally related peptides in the skin of

Ilperoleiø inundntø't

* 
For financial reasons, not all uperins could be synthesised'

t This proposal may account for a similar scenario for the recently reported gaerurin peptides

rro^koio rugosa.(332)
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Table 3.14: General Antibiotic of the tides

+ tv,-dtuti. a-tÀ,vJy 19o7y l^

what is surprising about these results is that uperins 2'2 and 2'3 (which differ

only at residue 3) have vastly d'ifferent activities' This behaviour is not

understood as it would have been reasonable to expect these two peptides to

show relatively similar activity. Further investigations into these two peptides

need to be conducted to rationalise these observations' Not listed in Table 3'L4

is uperin 5.1 which showed no antibiotic activity in the testing Program'

uperins 6.L and 6.2have a higher proportion of hydrophilic residues than any

reported amphibian peptide (i.e, 1'6 out of a total of 30 residues)' The lack of

intense antibiotic activity for these peptides does not necessarily imply that

they are poorly active: perhaps these peptides have a certain and specific

function. At this stage the role of these particular peptides in the amphibian

integument is not known'

6.73.1. 4.12.52.42.2 2.32.1.

*

)È

*

ri*

,¡

*

*

*

,F

*

*

*

Bacillus cereus

Escherichiø coli

Leuconostoc løctis

Leuconostoc mesenteriodes

Listeriø innocuø

Micrococcus luteus

P østeurellø høemolYticø

Stnphylococcl'ts øureus

Str tococcus uberis
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3.8 Uperin L.L - A New TachYkinin

uperin 1.1 is a member of the tachykinin family of peptides since it contains

the distinct C-terminal sequence of Phe X Gly Leu Met (NH2)' where X can be

any amino acid.. It differs from uperolein and physalaemin by having alanine

at positions 2 and 6 respectively. The activity of uperin 1'L has been studied in

the Rome laboratoriss(333) and experimental details are recorded in section

6.10. In smooth muscle testing, it is only marginally less active than

uperoleini e.g., in guinea pig ileum smooth muscle testing, it shows

formidable activity (at 0.4 nanograms per mL)' It also elicits a resPonse

(reduction) in rabbit blood Pressure at a concentration as low as 5 nanograms

per kilogram (of body weight). uperin 1.1 is thus one of the more active of the

tachykinin type neufopepli¿g5.(cf: 159) The results are shown in Table 3'15'

The activity of physalaemin was considered equal to L00, that of the other two

tachykinins was expressed as a Pelcentage of this activity and the number of

experiments are given in parentheses. In the case of the guinea pig ileum tests'

the percentages correlate to the following minimum concentration of

peptides: physalaemin (0.2 ng/mL); uperolein (0.25 nglml); and uperin L'L

(0.4 ng/ml). The minimum concentration of the standard' physalaemin'

required to initiate a reduction in rabbit blood Pfessure = 2 ng/kg'G59)

&

Table 3.15: Bioassa of 1.L

Uperin 1.1.UperoleinPhysalaeminTest PreParation

57 r 13 [3]

64!14131

37 t3lzi

s0 r 15 [8]

80 r 20 [10]

46!15171

100

100

100

Guinea-Pig ileum

Rabbit terminal colon

Rabbit blood Pressure

:d f, Â\{ t.¡u,/t' "Ld[/.-u-l tC ]'L'¡rdt.'{Â-c,r^,.,.,. ¡e OI..)
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Chapter 4 UPEROLEIA MIOBERGI

Figure 4.L: Photograph or uperoleiø miobetgi, courtesy of Dr' M' Davies'

DepartmentofZoo|ogy,TheUniversityofAdelaide,5005.

4.1 llperoleiø miobergi

Mjöberg's toadlet, Llperoleiø miobergi, was first described by Andersson in l-91'3

as Psuedophryne miobergi,(334) 611 was transferred to the genus Glauertiø in

y94g,(312) before being classified in the current genus in 1971'(318) tt is a small
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frog attaining a length of between 1.9 - 2.5 cm. The skin secretion is contained

in granular glands which can be seen distinctly as warty protuberances on the

dorsal surface of the animal. A picture of U' miobergi is shown in Figure 4'L'

It is confined to northern western Australia in the area afound Broome, Derby

and Fitzroy River as illustrated in Figure 4'2 and is very similar to U' inundøtø'

which is found in the 'Top End' of Australia. The nine specimens studied for

this project were collected in the vicinity of Derby and maintained in captivity'

ac

o

0 a

Figure 4.2: Distribution of tJperoleia miobergi'

Currently, seven peptides have been isolated and characterised from the dorsal

gland,s of U. miobergi. Since the seven peptides are similar in structure to

either the uperin 2 or 3 type peptides (from u. inundata), the same

nomenclature and numbering systems are continued in this study' The seven

peptides are named uperins 2.6-2.8 and 3.4- 3.7. The amino acid sequences of
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the seven peptides are listed in Table 4.L. Although lJ' inundatø and

u. mjobergl have structurally related peptides, there are no peptides common

to both species. This chapter d.etails how the primary structures of the uperins

isolated from U. mjobergl were determined: the methods used are the same as

for U. inundøta, except that enzyme digests were widely used (i'e' Lys-C'

Arg-C,. Asp-N. and chymotrypsin-), and manual Edman degradations were

deemed unnecessary.

As in chapter 3, the benign method of surface electrical stimulation was used

to effect release of the glandular secretion (see section2.4). The'milking'of the

nine specimens produced , aÍtet work-up, a total of 67.5 mg of lyophilised

peptide material (an average of 7 '5 mg per frog)'

A typical analytical HPLC chromato8ram showing the separation of the

lyophilised material from I,l. miobergl is shown in Figure 4.3' A combination

of d,ata from FAB MS (m/ z 3500 to 500 Da mass range) of the individual HPLC

peaks and the HPLC data d.etermined. that: (i) the peptides eluted in the

22.0 -26.0 minute range; (ii) that uperins 3.4, 3.5 and 3.7 afe Present in high

concentrations (cø. t mg each per frog); and (iii) that uperins 2'6 - 2'8 and 3'6 are

present in low concentrations (cø. 0.2- 0.3 mg per frog). The identity of the

components eluting before 22.0 minutes has not yet been determined as they

do not show masses > L000 Da by FAB MS. The peptides have molecular

weights between 1700 - 2000 Da.

* 
The uperins from U. inundøtø had been characterised by the time these enzymes arrived and

thus the enzymes were only used in the studies involving the uperins from U' miobergi'
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Figure 4.3: Analytical I{PLC trace of peptides from the glands of U. mjobergi.

For full experimental details see section 6.3. The labelled peaks are unresolved

and correspond to the coelution of (A) uperins 2.6and3.7,and (B) uperins 2.8

and 3.5.
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4.2 structure Determination of Peptides from uperoleiø miobetgi

The structure determination used in this chapter is essentially the same as that

described in chapter three: mass spectrometric techniques were primarily

used. Firstly, positive ion FAB MS determined the molecular weight of the

peptide. Enzymic digest using Lys-C, Arg-C, Asp-N and chymotrypsin (as

appropriate) cleaved the peptide into at least two smaller peptides. The masses

of the digest fragments were analysed by FAB MS. Conversion of the parent

peptide to the methyl esters determined the quantity of acids and primary

amides within the sequence: more importantly it indicated if the C-terminus

was post translationally modified (i.e. CO2H + CONH2). An increment of

1,4Da indicated the presence of an acid (i.e. COzH + COzMe); an increment of

L5 Da indicated the presence of a primary amide (1.e. CONHz+ CO2Me). The

resultant peptides were sequenced by CA MS/MS which provided the fulI

amino acid sequence of the majority of peptides. Finally, automated

sequencing was used to distinguish between the isomers Leu and lle, and

confirm the sequence of each peptide.

For clarity, the data for the structure determination of the uperins are

presented in the following concise format where the mass spectrometric data

and the results of enzyme digestion can be clearly seen. There is a lot of

sequencing information generated in these two processes, and only the

essential data are presented to avoid the tables becoming cluttered. The

molecular mass, essential HPLC data and the esterification results are also

listed. All masses listed in the tables are explessed in Daltons.
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Uperin 2.6

(a) FAB MS: [M + H]+ = 7948.

þ) HPLC retention time: 24.4 minutes (Figure 4.3). Uperin 2.6 coelutes

with uperin 3.7 and two unidentified peptides. Repurification by HPLC

separated uperins 2.6 and 3.7.

(c) Esterification of uperin 2.6 wit}:- methanol increased the mass by 43 Da,

which corresponds to the presence of two acid groups and one amide.

(d) The results of enzymic digests and CA MS/MS experiments are listed in

Tables 4.2 and 4.3, respectively.

Table 4.2: Results of the ts of 2.6

a CA MS/MS studies performed on this ion.
b CR MS/MS studies performed on this ion were inconclusive.

Peptide Digested Enzyme Used Resultant Peptide lM + H1+

Uperin 2.6 Lys{ 2.64

2.68

2.6C

729a

857

1110

Uperin 2.6 Asp-N 2.6D

2.68

302a

L665

Upein 2.6 Arg-C 2.6F

2.6G

5L5a

L452b

2.6G Lys-C 2.64

2.68

2.6H

2.61

729a

857

6'L4a

742b



Peptide sequenceObserved fragment ions fmlz (%llPeptide mlz Ion

Leu Asp Leu Ala Lys

Leu Asp Leu Ala

v1. @);28a $Ð;3ee (2t);5t2 (4t);583

(a8);711 (100)

672 Ø6);55e (36); aa6 05);331 (15);

218 (13);147 (7)

2.64 729 b'

,f

Sequence of 2.6A'by CA MS/MS data: Gly Leu Leu Asp Leu Ala Lys (OH)

Leu

Leu

2.6D 302 b'
,f

171, (100);284(41)

2a5 Qa); ß2 (e)

Sequence of 2.6Dby Gly Leu Leu (OH)CA MS/MS data:

Leu Gly Leu

Asn Val Leu

515 h'
,f

21,a Q);327 (e8);38a Q7); 4e7 (L00)

a01, (9);302 (aÐ;189 (4)

2.6F

Sequence of 2.6F by CA MS/MS data: Leu (OH)Asn Val Leu

Gly Gly Leu Arg

Leu Val Gl Leu

h'

'f

2t3 (e);270 (21);327 (72);aaj $5);

5e6 (1oo)

501 (86); a02 Q7);3a5 (13); 175 (Le)

2.6H 614

Sequence o12.6Hby (oH)Leu Val Gl GI LeuCA MS/MS data:
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Table 4.3: CA MS/MS Data for the Products from U 2.6.

From these experiments it can be seen that 2.6D must corresPond to the first

three residues from the N-terminal end of uperin 2.6. It is a product of the

Asp-N digest, and does not contain the Asp residue. Consequently, 2.64 must

be the first seven residues of uperin 2.6. Similarly, 2.6F must be the last five

residues of uperin 2.6 since it is the product of the Arg-C digest, and 2.6H must

be the central portion of uperin 2.6. Both Lys-C digests give products at

m/2729 (2.64) and 857 (2.68);2.68 corresponds to 2.6A, + Lys, resulting from

incomplete digestion of uperin 2.6.
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(Ð The sequence from MS data gives Gly Leu Leu Asp Leu Ala Lys Lys Leu

Val Gly Gly Leu Arg Asn Val Leu Gly Leu (OH). Automated sequencing

confirms the sequence and identifies Ile (2,5, L3 and L9).

Uperin 2.7

(a) FAB MS: [M + H]+ = 1948.

þ) HPLC retention time: 23.6 minutes (Figure 4.3). Uperin 2.7 coelutes

with uperin 3.4. Repurification by HPLC separated uperins 2.7 and 3.4.

(c) Uperin 21 ís isomeric with uperín 2.6. Enzymic and MS results are

identical for uperins 2.6 and 2.7. Automated sequencing indicated that they

differ at only one residue, i.e. Leu (3) for uperin 2.6, and Ile (3) lor upetin 2.7.

Uperin 2.8

(a) FAB MS: [M + H]+ = L978.

(b) HPLC retention time: 25.8 minutes (Figure 4.3). Uperin 2.8 coelutes

with uperin 3.5, which were separated by HPLC uPon repurification.

(c) Esterification of uperin 2.8 with methanol increased the mass by 43 Da,

indicating the presence of two COzH grouPs and one CONHz.

(d) The results of enzymic digests are listed in Table 4,4, and the results of

CA MS/MS experiments are recorded in Table 4.5.



Table 4.4: Results of the

a CA MS/MS studies performed on this ion.
b Figure 4.4 is a CA MS/MS spectrum of this ion.

Table 4.5: CA MS/MS Data for the

Chapter 4 106

ts of 2.8

ts from U 2.8

lM + Hl+Resultant PeptideEnzyme UsedPeptide Digested

517a

71.5a

784a

2.84

2.88

2.8C

Lys{Uperin 2.8

302a

1,695

2.8D

2.88

Asp-NUperin 2.8

2.8F

2.8G

5L5a,b

1,492

Arg-CUperin 2.8

Peptide sequencemlz Ion Observed fragmen t ions lmlz (%\lPeptide

Val Gly Lys

Thr Leu Val

517 h'
,f

215 (Ð;31a (s); 371(13);4ee (100)

aß í7);303 (27);204 (7)

2.84

Sequence of 2.84 by Thr Leu Val (oH)tCA MS/MS data:

Val Ala Lys

Gly Leu Leu Asp

2.88 7t5 b'
,l

28a $);3ee (17); ae8 Qe);56e (36); 6e7 (t00)

5a5 Q8); a32 0.6);317 (10)658 (38);

Sequence of 2.8B by CA MS/MS data: Gly Leu Leu Asp Val Ala Lys (OH)

Val Leu Gly Leu

Leu

b'

'l
3sa Q); a83 (3); 5e6 (6);653 (15); 766 (L00)

671. (55)

2.8C 784

Sequence of 2.8C by CA MS/MS data: Leu (Arg + Asn) Val Leu Gly Leu (OH)

G1 Leu

Leu171(53);284 (e5)

2a5 $8);132 (3)

2.8D 302 h'

'f
Sequence of 2.8D by CA MS/MS data: Gly Leu Leu (OH)

Leu Gly Leu

Asn Val Leu

5L5 h'
,f

21,a Q);327 (96);38a (aO; 4e7 (100)

au. (7);302(.at);18e (4)

2.8F

Sequence of 2.8F by CA MS/MS data: Asn Val Leu Gly Leu (OH)
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From these experiments it can be deduced that 2.8D contains the first three

residues of uperin 2.8: it is a product of the Asp-N digest, and does not contain

the Asp resid.ue. Consequently, 2.88 corresponds to the first seven residues of

uperin 2.8. SimilarIy,2.8F must be the last five residues of uperin 2.8 since it is

the product of the Arg-C digest. It follows that 2.8C has the sequence Leu Arg

Asn Val Leu Gly Leu (OH). Peptide 2.84 contains residues 8 - 12 of uperin 2.8.

(0 The sequence from MS data gives Gly Leu Leu Asp Val Ala Lys Thr Leu

Val Gly Lys Leu Arg Asn Val Leu Gly Leu (OH). Automated sequencing

identifies Ile (2 and 1.9) and confirms the sequence.



Leu
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Leu OH

zLL 327 384 b ions

o""3.r"lr"l"ilteu oH--- il r L-"<
401. go2 189 y 10ns

51s

327

384

302

214

189

+ I
Leu Val Asn

Figure 4.4: CAFAB MS/MS spectrum of peptide 2.8F ([M + H]+ =515), derived

from the Arg-C digest of uperin 2.8. Cleavages associated with 'b' ions are

indicated at the top of the figure, 'y' ions at the bottom.
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Uperin 3.4

(a) FAB MS: [M + H]+ = 1735.

þ) HPLC retention time: 24.3 minutes (Figure 4.3). Uperin 3.4 coelutes

with upelin2.7, which were separated by HPLC upon repurification. Uperin

3.4 is the major comPonent in this fraction.

(c) Esterification of uperin 3.4 with methanol increased the mass by 44 Da,

indicating the presence of one CO2H grouP and two NH2 groups.

(d) Tables 4.6 and 4.7 list the results of enzymic digests and CA MS/MS

experiments, respectively.

Table 4.6: Results of the of 3.4.

a CA MS/MS studies performed on this ion.
b CR MS/MS studies performed on this ion were inconclusive.

Resultant Peptide lM + Hl+Enzyme UsedPeptide Digested

344a

572a

857b

Lys-C 3.44

3.48

3.4C

Uperin 3.4

3.4D

3.48

232a

644a

Asp-N3.4C
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Table 4.7: CA MS/MS Data or the Products from 3.4

Peptide sequencemlz Ion Observed fragment ions Ímlz (%)lPeptide

200 (3)

228 (75);327 (L00)

[none detected]

Val

Val

3.44 344 'at

h'

'f
Sequence of 3.44 by CA MS/MS data: (Asn + Leu) Val (NH2)

Ala Leu Lys

Ala Val Ala Ala

3.48 572 h'
,f

2a2 $D;3ß (a2); a26 þ6);554 (100)

501. (67); a02 QI);337 (12);260 (12)

Sequence of 3.48 by CA MS/MS data: Ala Val Ala Ala Leu Lys (OH)

157 (100);214 (50)

175 (18)

Gly

Glv

3.4D 232 b'

'l
Gly (Vat) Gly (oH)Sequence of 3.4D by CA MS/MS data:

Leu Arg Lys

ArP

Asp Leu Leu

3.48a 644 b'
,y

tz'

22e (31); a98 (63);626 (1,00)

529 (68);303 (17)

51a (s9); a01, (26);288 (21)

Asp Leu Leu Arg Lys (OH)Sequence of 3.4E by CA MS/MS data:

a CA MS/MS spectra of peptide 3.4E also show peaks atm/z 201, (2L%),470

(54%) and 555 (77%) which are respectively associated with the cleavage ions

'az','a4' an'td'x4'. Cleavage ions 'a', 'x' and 'z' ate rarely observed in other

spectra; in this particular case the culmination of all the data gives the

sequence.

Since 3.4C gave unsatisfactory spectra, it was digested with endoprotease Asp-N

to give two smaller peptides. 3.4D and 3.4E are confirmed to be Gly Val Gly

(OH) and Asp Leu Leu Arg Lys (OH) respectively, which are also residues 1 - 3

and 4 - 8 of uperin 3.4. 3.4^ must be the last three residues of uperin 3.4 since

it is the product of the Lys-C digest and does not contain a C-terminal Lys

residue. 3.48 must be the central portion of the parent peptide.
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(Ð The sequence from MS data gives Gly Val Gly Asp Leu Leu Arg Lys Ala

Val Ala Ala Leu Lys Asn Leu Val (NHz). Automated sequencing identifies

Asn (15) and Ile (6,13 and 1.6) and confirms the sequence.

Uperin 3.5

(a) FAB MS: [M + H]+ = 1779.

(b) HPLC retention time: 25.8 minutes (Figure 4.3). Uperin 3.5 coelutes

with upeÅn 2.8, which were separated by HPLC upon repurification. Uperin

3.5 is the major component in this fraction.

(c) Esterification of uperin 3.5 with methanol increased the mass by 44 Da,

indicating the presence of one COzH group and two CONH2 groups.

(d) The results of enzymic digests are listed in Table 4.8, and the results of

CA MS/MS experiments are recorded in Table 4.9.

Table 4.8: Results of the of 3.5.

Enzyme Used Resultant Peptide lM + Hl+Peptide Digested

Lys-C 3.54

3.58

3.5C

344a

616a

857a

Uperin 3.5

3.sc Asp-N 3.sD

3.sE

232a

644

a CA MS/MS studies performed on this ion.



Peptide sequencemlz Ion Observed fragment ions lmlz (%l\Peptide

Val

Val

200 (8)

228 (100);327 (e3)

[none observed]

3.54 344 a

h'

'f
Sequence of 3.54 by CA MS/MS data: (Asn + Leu) Val (NH2)

Val Leu Lys

Ala Val Ser Val

25s (3); 357 (7); a70 (22);5e8 (100)

sas (50); aa6 0.Ð;35e (15); 260 (6)

3.58 61,6 h'
,f

Sequence of 3.58 by CA MS/MS data: Ala Val Ser Val Leu Lys (OH)

Arg Lys

Lyt

Gly Val

527 (7);683 (10)

7LL $1);83e (100)

800 (32); 701(44)

3.5C 857 'at

h'
,f

Sequence of 3.5C by CA MS/MS data: Gly Val (398) Arg Lys (OH)

Gly

Glv

b'

'l
157 (100); 214 (6t)

175 (38)

3.5D 232

Sequence of 3.5D by CA MS/MS data: Gly (Val) Gly (oH)
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Table 4.9: CA MS/MS Data Observed for from

These experiments show that 3.5D must be the first three residues of uperin

3.5, since it is a product of the Asp-N digest, and does not contain the Asp

residue. Peptide 3.5C must therefore have the partial sequence Gly Val Gly

Asp (226) Arg Lys (OH). The unidentified portion could be either (Leu + Leu)

or (Pro + Glu). It has been established from the methylation experiment that

there is only one acidic residue in the sequence, thus eliminating the

combination of (Pro + Glu). Peptide 3.54 must be the last three residues of

uperin 3.5 since it is the product of the Lys-C digest, and 3.58 must be the

central portion of the parent peptide comprising of residues 9 - 14.
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(Ð The sequence from MS data gives Gly Val Gly Asp Leu Leu Arg Lys Ala

Val Ser Val Leu Lys Asn Leu Val (NHz). Automated sequencing identifies Asn

(L5), Leu (5) and lle (6, 13 and 16). The structure of uperin 3.5 is listed in Table

4,L

Uperin 3.6

(a) FAB MS: [M + H]+ = 1826.

(b) HPLC retention time: 23.0 minutes (Figure 4.3). Uperin 3.6 was the

only identifiable compound in this fraction.

(c) Esterification of uperin 3.6 with methanol increased the mass by 44 Da,

indicating the presence of one COzH group and two CONH2 groups.

(d) The results of enzymic digests are listed in Table 4.L0, and the results of

CA MS/MS experiments are recorded in Table 4.LL.

Table 4.L0: Results of the ts of 3.6.

Peptide Digested Enzyme Used Resultant Peptide lM + Hl+

Uperin 3.6 Lys{ 3.64

3.68

3.6C

3.6D

3.68

392a

67ta

673a

799

801

Uperin 3.6 Asp-N 3.6F

3.6G

288a

1.557

a CA MS/MS studies performed on this ion.
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Tabte 4.1.1: CA MS/MS Data Observed for from

Peptide 3.64 is the last three residues of uperin 3.6, since it has a C-terminal

Phe (NH2). Peptide 3.6F is the first three residues of uperin 3.6 as it does not

contain the Asp residue, and thus peptide 3.6C must be the first seven

residues. Peptide 3.68 must be the central portion of uperin 3.6. Two peptides

of small abundance (relative to peptide 3.68) resulting from the incomplete

Lys-C digest of uperin 3.6 were observed at m/2799 (3.6D) and 801 (3.6E).

Peptide 3.6D corresponds to Lys + 3.68; peptide 3.6E corresponds to 3.6C + Lys.

(Ð The sequence from MS data gives Gly Val Leu Asp Ala Ala Lys Lys Val

Val Asn Val Leu Lys Asn Leu Phe (NHz). Automated sequencing identifies lle

(3) and confirms the sequence shown in Table 4.L.

ts

Ion Observed fragment ions lmlz (/")l Peptide sequencePeptide mlz

Leu Phe

Asn Leu

3.64 392 h'

'f
115 (3); 228 (2e);375 (100)

278 (6);16s (11)

Sequence of 3.64 by CA MS/MS data: Asn Leu Phe (NHz)

Asn Val Leu Lys

Val Val Asn Val Leu

3.68 671 h'

'y

lee (20);3ß (aO; an $Ð;525 $Ð;

653 (1oo)

572 (62); arc êÐ;35e (11); 260 (I8);

1.47 (11)

Sequence of 3.68 by CA MS/MS data: Val Val Asn Val Leu Lys (OH)

Ala Ala Lys

Gly Val Leu Asp

3.6C 673 h'
,f

385 (8); a56 QI);527 (aD;65s (100)

616 (77);5L7 (28); a0a$4;28e (7)

Sequence of 3.6C by CA MS/MS data: Gly Val Leu Asp Ala Ala Lys (OH)

b'

'f
270 (1,00)

231, (23) Glv

3.6F 288

Sequence of 3.6F by CA MS/MS data: Gly (Val Leu) (OH)
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Uperin 3.7

(a) FAB MS: [M + H]+ = 18M.

(b) HPLC retention time: 23.5 minutes (Figure 4.3). Uperin 3.7 coelutes

with uperin 2.6 and two unidentified peptides. Repurification by HPLC

separated uperins 2.6 and 3.7.

(c) Esterification of uperin 3.7 with methanol increased the mass by 44 Da,

indicating the presence of one COzH group and two CONHz grouPs in the

peptide.

(d) The results of enzymic digests are listed in Table 4.\2, and the results of

CA MS/MS experiments are recorded in Table 4.L3.

Table 4.L2: Results of the of 3.7

a CA MS/MS studies performed on this ion.
b CR MS/MS studies performed on this ion were inconclusive

Enzyme Used Resultant Peptide lM + Hl+Peptide Digested

Lys{ 3.7 A

3.78

3.7C

330a

660a

89Lb

Uperin 3.7

Uperin 3.7 o-Chymotrypsin 3.7D

3.78

607a

1256

Uperin 3.7 Asp-N 3.7F

3.7G

232a

1,631,



Peptide mlz Ion Observed fragment ionslmlz (%ll Peptide sequence

3.74 330 b'

'l
21,aQ7);313 (100)

[none observed]

Val

Sequence of 3,7[by CA MS/MS data (Asn + Val) Val (NH2)

3.78 660 b'

'f
aú $2);51.a $7); 642 (100)

5a7 Q1); aa9 $6); 361, (6)

Leu Lys

Leu Val Ser

Sequence of 3.7Bby CA MS/MS data: Leu Val Ser (Thr) Leu L (oH)

3.7D 607 b'

'f
32e (18) ; aaz Q8) ; 58e (100)

550 (72); a51. (37);3e4 (I2)

Leu Phe

G1 Val Gl

Sequence of 3.7D by CA MS/MS data: Gly Val Gly Asp Leu Phe (OH)

3.7F 232 'at

h'
,f

12e (L0)

157 (100); 214 (e8)

174 (38)

Glv

Glv

Glv

Sequence o13.7F by CA MS/MS data: Gly (Val) cly (oH)

Chøpter 4 1,t6

Table 4.L3: CA MS/MS data observed for from

Peptide 3.74 has a C-terminal Val (NHz) suggesting that this is the last residue

of uperin 3.7, and peptide 3.7F is the first three residues since it does not

contain an Asp residue. Peptide 3.7D begins with Gly Val Gly and does not end

with Val (NHz), thus 3.7D must therefore be the first six residues of uperin 3.7.

This also implies that 3.7C must be 3.7D + (156) + Lys. 3.78 must be the central

portion of the sequence spanning residues 9 - t4.

(Ð The sequence from MS data gives Gly Val Gly Asp Leu Phe Arg Lys Leu

Val Ser Thr Leu Lys Asn Val Val (NHz). Automated sequencing identifies Asn

(15), Val (16) and Ile (5, 9 and L3) and confirms the sequence which is shown in

Table 4.1.
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4.3 Structural Features of the Uperin Peptides

The seven uperins isolated from LL mjobergl have similar structures to those

isolated from the dermal secretions of U. inundøta. Thus, these peptides have

been classified in the same manner as the uperins reported in Chapter 3. The

most surprising observation arising from this study is that the skin secretion of

u. mjobergl does not contain a neuropeptide of the tachykinin family; neither

uperolein (L5), uperin L.L (2) nor any related peptide. This is most unusual

since either uperolein or uperin 1.1 are major skin peptides of the three

llperoleiø species so far studied.(275, 335) Equally surprising is the lack of

peptides of the uperin 4-6 category. Fifteen of the twenty uperins isolated from

the dermal glands of both frogs are uperin 2 type and 3 type peptides. This

suggests that these particular peptides must play a significant role in the

amphibians' integument.

There is a view that the structures of biologically active amphibian peptides

should correlate with those of peptides from other organisms, in particular

with mammalian peptides.(151, t74,336) A GENINFO (R) BLAST Network

Service (Cruncher) data bank search (Australian National Genomic

Information Service)(332) has been carried out for the uperin 2 and 3

structures. This has shown no statistically significant correlation with any

peptides or proteins so far reported from other organisms.

It was shown in Chapter 3 how uperin 2 and 3 type peptides could be fitted to

well behaved cr-helices using the Edmundson wheel and helical net diagrams:

all of the uperins reported in this chapter, when projected in the same

manner, also show well defined hydrophobic and hydrophilic zones. Such a

property suggests the possibility of antimicrobial or antibacterial activity.
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4.4 Biological Activity of the Uperin Peptides from U. miobergi

Synthetic analogues. of uperins 2.8, 3.5 and 3.6 were submitted for

antimicrobial testing. The results are listed in Table 4.14, which also lists the

activities of a select range of uperins from Uperoleia inundatø, enabling a

direct comparison of the activities between the two species. Table 4.14 clearly

illustrates that uperins 3.5 and 3.6 (from Uperoleiø mjobergi) are the most

active antibiotic agents yet isolated from tlrre Uperoleia genus. Further more,

they show significant activity against a range of gram positive organisms. To

test whether the uperins acted independently or as a 'cocktail' of peptides,

uperins 3.5 and 3.6 were tested as a mixture. The results are also listed in Table

4,1,4, which shows that the activity of the mixture neither greatly increases nor

decreases in comparison to either of the authentic samples. Further

experiments must be carried out with differing pairs and 'cocktails' of uperins

in order to establish if there is a significant trend. If there is a general increase

in the biological activity of a 'cocktail' of uperins, then it would most certainly

be worth investigating 'cocktail' mixtures of peptides from other frog species.

* 
See Experimental (section 6.9) for details of the synthetic procedures. Not all uperins could be
synthesised due to financial constraints. Those which were selected were purified by HPLC
and were also shown to have the same retention times, molecular weights and the same CA
MS/MS spectra as the natural components.
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ofU 2 and 3 Antibiotic Activities [MIC /rnL l

a no figure means the MIC value is > 100 þg/mL.
b a dash (-) means not tested.
c this organism is gram negative, all others are Sram positive

4.5 Primary Sequence and Biological Activity Relationships

All the uperins 2 and 3 type peptides are listed in Table 4.15. This table shows

that there are distinct homologies between peptides of the same grouP. All of

the amino acids common to the class of peptide are highlighted. The amino

acids which differ between structures show a striking trend: hydrophobic

residues replace hydrophobic residues at the same position and the same

scenario occurs for hydrophilic residues. The exception being residue (12) of

uperin 3.7, which has a threonine in place of a hydrophobic residue. Uperins

3.L - 3.3 from tI. inundata are very conservative, as the changes between the

structures occur only at positions 7 and l-6. These peptides show antimicrobial

activity, albeit to a lesser degree than the uperin 3 peptides from U. mjobergi,

which are less conserved. It is also interesting to note that the number of

3.5 + 3.62.4 2.8 3.1. 3.5 3.62:1. 2.2Organism

L00

25

L00

25

25

12.5

12.5

50

25

25

3 3

25

12.5

100

50

12.5

12.5

25

50

25

25

50

50

12.5

6_b

6

1.5

a

50 25

6

100

L00

50

6

Bacillus cereus

Escherichiø coli c

Leuconostoc lactis

Leuconostoc mesenteroides

Listeriø innocuø

Micrococcus luteus

P asteurella høemolyticø

Pøsteurellø multoci

Staphylococcus aureus

Streptococcus epidermis

Streptococcus uberis



Table 4.1.5: Amino Acid Sequence of Uperins 2.1 - 2.8 and 3.1- 3,7.

Amphibian

U. inundata

U. ínundøta

U. inundøta

U. inundatø

U. inundata

U. mjobergi

U. mjobergi

U. miobergi

U. inundata

U. inundata

U. inundøta

U. mjobergi

U. mjobergi

U. mjobergi

U. miobergi

Amino Acid Sequence

Gly Ile Val Asp Phe

Gly Phe Val Asp Leu

Gly Phe Phe Asp Leu

Gly Ile Leu Asp Phe

Gly Ile Val Asp Phe

Gly Ile Leu Asp Ile

Gly Ile Ile Asp Ile

Gly Ile Leu Asp Val

Ala Lys Lys Val Val Gly Gty Ile Arg Asn Ala Leu Gly Ile (OH)

Ala Lys Lys Val Val Gly Gly Ile Arg Asn Ala Leu Gly lle (OH)

Ala Lys Lys Val Val Gly Gly Ile Arg Asn Ala Leu Gly Ile (OH)

Ala Lys Thr Val Val Gly Gly Ile Arg Asn Ala Leu Gly Ile (OH)

Ala Lys Gly Val Leu Gly Lys Ile Lys Asn Val Leu Gly Ile (OH)

Ala Lys Lys Leu Val Gly Gty Ile Arg Asn Val Leu Gly Ile (OH)

Ala Lys Lys Leu Val Gly Gly Ile Arg Asn Val Leu Gly Ile (OH)

Ala Lys Thr Leu Val Gly Lys Leu Arg Asn Val Leu Gly Ile (OH)

Phe Arg Lys Ile Ala

Phe Arg Lys Ile Ala

Phe Lys Lys Ile Ala

Ile Arg Lys Ala Val

Ile Arg Lys Ala Val

Ala Lys Lys Val Val

Phe Arg Lys Ile Val

Thr Val Val Lys Asn Val Val (NH2)

Thr Val Val Lys Asn Leu Val (NH2)

Thr Val Val Lys Asn Leu Val (NH2¡

Ala Ala Ile Lys Asn Ile Val (NH2¡

Ser Val Ile Lys Asn Ile Val (NH2¡

Asn Val Leu Lys Asn Leu Phe (NH2)

Ser Thr Ile Lys Asn Val Val (NH2¡

Gly Val Leu Asp Ala

Gly Val Leu Asp Ala

Gly Val Leu Asp Ala

Gly Val Gly Asp Leu

Gly Val Gly Asp Leu

Gly Val Ile Asp Ala

Gly Val Gly Asp Ile

[M+H¡+u

1926

7926

1974

1913

1940

1948

1948

1978

7827

t84t

1813

1735

r779

1826

1843

Uperin

2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8

3.1

3.2

3.3

3.4

3.5

3.6

3.7

o
R

(\\t
È
Ê
NOa Nominal mass
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acidic and basic residues (i.e. Arg, Lys and Asp) remains constant and that the

nett charge* is also the same. The nett charge of uperins 2.1- 2.8 is +L, and for

uperins 3.1. - 3.7 it is +2.+ The charge of a peptide plays a key role in the

electrostatic attraction of the peptide for phospholipids. This property may

help explain why position 4 in these uperins is occupied by aspartic acid;

similarly for lysine and arginine which occupy positions 7 and 1'4: conclusive

studies using modified peptide analogues will clarify this matter.

4,6 Summary of the Research in Chapters 3 and 4

The characterisation of all of the amphibian peptides were facilitated by the use

of positive ion fast atom bombardment mass spectrometry. Collisional

activation in conjunction with tandem mass spectrometry techniques and

enzymic digests provided the sequences of the peptides, which were confirmed

by automated sequencing.

The investigation in to the isolation and characterisation of the peptides from

Llperoleiø inundøtø and U. mjobergi has shown that there are a number of

peptides in the glandular secretions. Some of which are structurally related,

although no peptide is common to both frogs. The results of the biological

activities show that the uperin 2 and 3 type peptides are host defence peptides:

in particular the uperin 3 type peptides exhibit significant activity against gram

positive organisms. The role of the uperins which showed little activity in the

testing program, is as yet unknown.

* 
The nett charge is the summation of the individual charges of all the acidic and basic residues
in the sequence if they were deprotonated and protonated respectively.

+ Al1 uperins have a positive nett charge, except for uperin 5.L which has a nett charge of -2,
and uperin L.L, which is -1.



Chapter 4 L22

The secretion from Uperoleiø mjobergi contains no neuropeptide of the

tachykinin class of peptides, which should be compared with the high

abundance of such compounds isolated from other lJperoleia species:(275, 335)

U. inundatø }:ras a neuropeptide, named uperin 1.L, which is one of the most

active amphibian tachykinins which have so far been isolated.
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Chapter 5 GAS-PHASE FRAGMENTATIONS OF

DEPROTONATED TETRAPEPTIDES

" I belieae there is no branch of science where promise of grent discoaeries is

more hopeful than those which will result by reseørches which inaolae the

application of physicøl measurements to chemical phenomenø."

Sir J. J. Thomson(337)

5.L Introduction to Gas-Phase Negative Ion Fragmentations

The negative ion mass spectra reported in this thesis were generated by CA

MIKES of even electron organic anions, produced by FAB in the ion source of

the VG ZAB 2 HF mass spectrometer operated in the negative ion mode. This

instrumentation has been discussed in Chapter 1". Fragmentation processes of

even electron organic anions have been classified into five main

fragmentation categsslss' (338)

(i)

( ii)

loss of a radical to form a stabilised radical anion;

direct fragmentation through an intermediate ion-complex with

subsequent elimination of a neutral molecule from the ion-complex;

fragmentation preceded by proton transfer to the initial site of

deprotonation followed by elimination of a neutral molecule;

fragmentations which are preceded by skeletal rearrangement;

charge remote fragmentations.

( iii)

(iv)

(v)

A brief summary of these processes are outlined on the following pages.
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5.2 Fragmentation aiøloss of a Radical

Collision-induced mass spectra of most deprotonated organic anions involve

the loss of a radical, typically a hydrogen radical, aiø a simple homolytic

cleavage. The fragmentations are pronounced in the spectra if the radical

forms a stabilised radical anion [scheme (5J)].(339) In some systems, the

elimination of an alkyl chain has been shown to occur ain a two step Process

[scheme (5.2)].(340, 341)

cH3coNCH2CD3 * cH3coN + cD3cH2 (s.1)

CHr: q¡¡,

fl
PhC\

CH"CH.
_/zr

-H'Ð

CH"CH"tzz

Phd PhC-\ +\ *
cH2cH3 cH2cH3 cH2cH3

5.3 Fragmentation oiø an lon-molecule Complex

An ion-molecule complex may be formed directly from the deprotonated ion.

These complexes fragment aiø three possible pathways:

(i) direct displacement of the 'bound' anion from the ion-complex,

e.ø. schems 15.3¡.(339)o

é2)

cH3coNCH2CD3 + [."; (cor.*t,*." )] - cH; + cD3cH2NCO
(s.3)
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(ii) deprotonation of the 'neutral' molecule by the 'bound' anion in the

ion-complex, illustrated by scheme (5.4).(339)

cH3coNcH2cD3 -* [.o; (cH.coN-.t, )] + õHrcou: cH, + CD,H

(iii) an elimination reaction or S¡2 displacement of the 'neutral' molecule

effected by the 'bound' anion in the ion-complex, e.8. scheme (5.5).(339)

è [."; (coucHrxco)] 
- 

NCo- +
(s.5)

(5.4)

cH3coNCH2CD3 c3HsD3

5.4 Proton Transfer Preceding Fragmentation

Direct elimination of a neutral species can occur following proton transfer to

the initial anionic centre [scheme (5.6)].(342)

(
t)

OHo-
HzN * HzN + cH2o

o Gé)

Also, proton transfer to the initial anionic centre can precede fragmentation of

the ion-complex, as discussed in section 5.3 ¿66r,9.(338)

o
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5.5 Fragmentations Following Rearrangement

Processes involving a skeletal rearrangement form interesting and important

pathways for the fragmentation of collisionally activated organic anions. Such

processes have been grouped as:

(i) Cyclization processes, where there is a nucleophilic attack by the initially

formed anion, as in scheme (5J).(343)

o
oæo r> o c2H4o+

)
*

(ii) 1., 2- anionic rearrangements, e.g., Wittig [scheme (s.S¡1.{s++¡

*
(ff)

(iii) Six-centred sigmatropic rearrangements such as the anion Claisen ester

type rearrangement [scheme (5.9)].(34s)

o

(u)o

o

Ç
+ o*

(5e)
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(iv) Novel gas-phase rearrangements can occur as detailed in scheme

(s.10).(346)

^-/

o.. -
NCO2CH3 Ð

o
I

NC02CH3

<_
Z\./Noco2cH3 (ils)c3H5N + CH3OCO2

5.6 Charge Remote Fragmental¡en5(347)

Charge remote fragmentations are ¿"1itt"¿(348) as gas-phase ion

decompositions that occur at sites in the gas-phase molecule that are physically

removed from the charged centre. Gross has reported a classical example of a

charge-remote reaction using the anion of stearic acid [CHs(CH2)16,CO2-], which

is illustrated in scheme (s.l.'L), where R is the remainder of the organic

.h¿in.(349) Elimination of an alkene in these reactions has been confirmed by

ionisation of the eliminated neutral u1¡"tt".(350)

H
(cH2)nc02R + H2 +(CH2).CO2 + R

\ r (ill)

The mechanism involves a t,4- loss of H2 to give a terminally unsaturated

fatty acid carboxylate and a L- alkene. Charge remote fragmentations have also
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been claimed to occur for prostaglandins, phospholipids, peptides, steroids,

glycosphingolipids, fatty acids, and carbohydrates [for a review see ref (348)1.

It should be noted that some anionic cleavages discussed in this thesis could

possibly occur by charge remote mechanisms. This is illustrated in scheme

(5.12) for the particular example of cinnamate anion formation from

phenylalanine occupying the C-terminal position of a dipeptide.

_>
PhCH: CHCO2

+

Coz NH2CH(R)C(OH¡: ¡¡r (5.12)

5.7 Introduction to Peptide Negative Ions

FAB MS has facilitated the structural analysis of peptides.(329) Current

research into peptide sequencing by mass spectrometry has primarily been

dominated by positive ion analysis. The application of negative ion mass

spectrometry to peptide analysis has principally been used to detect

deprotonated molecular ions [M - H]-;(351'' 352) there are a few exceptions which

involve fragmentation studiss.(353-356)

The collision induced fragmentation behaviour of deprotonated peptide ions

has, until recently, been little understood and there is rapid acceptance that

such data can provide complementary information to the conventional

positive ion spectra.PSl'-362) The Bowie research group has been investigating

this area and to date has proposed mechanisms for the collision induced

dissociations of underivatised deprotonated and dedeuterated amino acids,(342)

dip ep tide s,(363-37 0) and tripeptides. (309, 369, 37 0)

Ph
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5.8 Deprotonated Amino Acids(342)

A previous study(342) reported that deprotonated amino acids which contain a

specific functional group fragment quite differently from simple amino acids

that have alkyl side chains. The spectra of these deprotonated amino acids

show pronounced fragmentations through their cr-side chains;(342) the losses

and formations associated with such fragmentations are listed in Table 5.L.

5.9 DipeptidesandTripeptides(363-370)

There are two very important general types of collision-induced

fragmentations observed for deprotonated ions from dipeptides and tripeptides

which can be used analytically. These are: (i) backbone cleavages which

provide the primary sequencing information; and (ii) fragmentations

characteristic of particular amino acids which are either: (a) in specific

positions within the peptide, i.e. at the N-terminal or C-terminal position

only; or (b) non-specific, i.e. these fragmentations occur irrespective of the

position of the amino acid within the peptide. Table 5.1. also lists side chain

fragmentations observed for amino acid residues at either position in a

dipeptide.

li) Backbone Cleavaees

The backbone cleavages of deprotonated dipeptide ions are considered to

proceed through the intermediate enolate ion formed by proton transfer to the



C-terminalN-terminal
Amino

acid*
Amino
acid a

Loss

(or formation)

Y

Y

Y

Y

Y

Y
Y

N
Y

Y

Y

Y

Y

N
Y

Y

Y

m
Y

+Y COz)

Y (+COz)

Y + Coz)

Y

Y

Y

Y

Y

Y

Y

Y

Y (+ CO2)

N
Y

Y

Y

Y

Y

Y

Y (+CO2)

N
N
N
Y

Y

Y

m

Y (+ COz)

Y

yb

Y

Y

Y

Y

Y

Y

Y

Y

Y

N
Y

Y

Y

Y

m

m
Y

N
N
N
Y

Y

N

Ala
Val
Leu
Ile
Ser

Thr
Cys

Gln / Asn
Asn

Asp / Glu
Glu
Met

phe / Tyr

Tyt

A.g

His
Phe

Me'
iPt
tBu'

sBu'

CHzO

CHgCHO

HzS

NHg
Hzo
Hzo

pyroglutamate anion

MeSH
MeSMe

'CHzCHzSMe

Hzo
PhCHs

(PhCHz-)

NHs
(ArCH=CHCOz-)

O=CeFI¿=CHz

(p-HOC6HaCHz-)

NHs
HN=C=NH

CsHzN
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Table 5.L: Losses or Formations Observed for Amino Acids and Di ES

a Amino acids are represented by the three letter code.

b The letters correspond to: Y = observed in the spectra; N = not observed in the spectra; m =

observed, but is a minor fragmentation pathway.

l. û l, ,^^ ^ 3 l, *,*.o rr rr s t'i L¿'lL; (* * I ) h
$.r^,- uå, a"r'^ J-r,.".É...¡o.* Ë . , [. ,t u"ì,., fo-0t'c*''. '. Q , å c- o'u"t"'( !

It.o É¡-

ß¿ o-.r*- *t.Fo,.
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carboxylate centre,. but direct proton abstraction to yield the enolate anion is

also possible. The spectra are generally simple and are of analytical

applicability and importance. As an example, the characteristic backbone

cleavage of dipeptides that identifies the C-terminal amino acid is shown in

scheme (S.fg),(s6g) where Rl and R2 = H or alkyl.

HzNCH(R1 )CONHCH(R2)COO * H2NC(R

H2NCH(R2)COO - HNCH(R2)CO2H H2NC(RlF C_ O (5.13)<_ +

There are a number of acidic sites in peptides, e.g. R-COzH, R-NIICO-R and

R-CI{CONH-R. Therefore, the position(s) of deprotonation in a peptide

ionised by FAB cannot be determined qualitatively, even if deuterium

labelling is used. An added complication is the presence of both 'neutral' and

'zwitterion' forms of the peptide in the FAB matrix. When an unlabelled

peptide is analysed by FAB, minor amounts of enolate ions (together with

R-CON--R species) will be formed together with the more abundant

carboxylate species. However, in a typical labelling experiment, exchange of

the acidic hydrogens [e.9. in the dipeptide Ala-Gly (OH)] with D2O gives

ND2CH(Me)CONDCHzCOzD and FAB ionisation yields mainly an [M - D]-

species, which can have no direct enolate ion contributor. The characteristic

fragmentation of the [M - D]- ion must occur following proton transfer.

* This is a general feature of the fragmentation behaviour of simple alkyl carboxylic acids.(371)

For example, in the prototypical case of acetic acid, deprotonation forms mainly MeCO2-, but

(CH2CO2H)- is also identified.(322) LG" acid (CIfuCO2H) = 363 kcal 
^o1-1 

(372,373) ut ¿
ÂGo u"id (MeCOZII) = 34'1,.5 kcal mol-1 (374)' urr¿ the two ions are interconvertible upon
collisional activation.
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In the case of tripeptides, an additional and characteristic cleavage proceeds

through the enolate ion formed at the N-terminal end of the peptide.(363) This

results in the observation of two backbone cleavages as illustrated in scheme

(5.L4), and the central residue is easily determined by deductive intuition.

H2NC(R1F C: o
HrNõ1n1¡coNHCH(R2)coNHCH(R3¡corH +

H2NCH(Rl)CONHCH(R2)CONHCH(n3¡COO

H2NCH(R

H2NCH(R1)CONHC(R2): C: O

*

* +

HNCH(R3)CO2H (s.14)

( ii)

As with backbone cleavages, fragmentations characteristic of particular amino

acids are also observed in deprotonated spectra of dipeptides and tripeptides,

and are either independent of location in the peptide, or occur exclusively at a

particular position in the peptide. As a general rule, fragmentations that are

independent of location (1.e. non-specific), occur aia processes where initial

fragmentation occurs in the side chain after either: nucleophilic attack on the

side chain by the carboxylate anion; or from proton transfer to the carboxylate

centre from the a-side chain only. There are many examples of such processes;

these include the loss of formaldehyde and acetaldehyde, which occur for

serine and threonine respectively. The proposed mechanism is outlined in
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scheme (5.15)(364) using a dipeptide, but readily occurs for tripeptides regardless

of the residue's position. This mechanism is similar to scheme (5.6).

2R o

( \-/
)

H2NCH(Rl)CONHH

o

OH

* o
H2NCH(Rl)CONH

where

+ R2cH: o

(1.e. amino acid is serine)

(threonine)

o

R2=-H

P2 - -CHg

(s.1s)

As a general rule, fragmentations that are characteristic of amino acids in

specific location occur by processes which fragment the peptide backbone. In

such cases, proton transfer to the carboxylate centre from either the peptide

skeleton or B-carbon will result in different fragmentations, depending on the

location of the specified amino acid in the peptide. For example, the isomeric

dipeptides glycyl-phenylalanine and phenylalanyl-glycine can both be

deprotonated at the B-carbon, with fragmentation generating the cinnamate

anion and loss of NH3 respectively [schemes (5.L6) and (5.17)].(36's). The

proposed mechanisms can also be applied to residues such as tyrosinet and

asparagine.@67)+ Occasionally the loss of NH3 is accompanied by loss of COz.

* 
This mechanism may be charge remote for Gly Phe (see section 5.6). However, Phe Gly carmot
eliminate NH3 aia a charge remote process.

+ Tryptophan and histidine also have p-carbons bearing acidic hydrogens, howevet
deprotonation at these sites yields trace amounts of the expected products.(365)

t The loss of NH3 from asparagine can result from the loss of the side chain amide, or the
N-terminal ¿¡n¡¡s.(367)



H2NCH2CONHCHC02

H2NCH2CONH2

+ RCH: CHCO2

NHg +

RCH: CHCONHCH2CO|

H2NCHCONHCH2CO2H

lH2N (RCH: CHCONHCH2CO2H)I

(phenylalanine)

(tyrosine)

(asparagine)
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G.16)

(s.17)

R R

Ð H2NCH2CONHCHCO2H

IH2NCH2CONH(RCH : CHCO2H)]

R

+

+

<-

R

- Coz

RCH: CHCONHCH2

where

Since dipeptides and tripeptides have been extensively studied and an

understanding in their fragmentation behaviour is now known, the next step

of the investigation into deprotonated peptide analysis is to analyse the

fragmentations of tetrapeptides. Kulik and Heerma,(3ss) and Tsunematsu eú

aI,ß56) have commenced investigations into this area; the latter studied

tetrapeptides derivatised at both termini; the former investigated

f{ = -CoHs

-CoFI+OH

-CHzCONHz
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underivatised tetrapeptides, but mechanisms justifying the fragmentation

behaviour were not reported. lr'Í:aruI:uff et al have investigated the low energy

dissociations of dipeptides, tripeptides and a few tetrapeptides.(375)

The objectives of this research are to:

(i) classify the negative ion fragmentation behaviour of deprotonated

underivatised tetrapeptides;

(ii) observe if backbone cleavages provide full sequencing information for

the tetrapeptides;

(iii) determine if the fragmentations of the amino acid a-side chains are still

observed and if so, what is the relative yield of these ions in comparison

to those formed by backbone cleavages?;

(iv) determine whether negative-ion mass spectrometry can be used to

determine the structures of complex peptides.

The fragmentation mechanisms presented in this chapter have been

rationalised by 'anionic' processes based on the fragmentation of even electron

anions of simple organic compounds.(338) In certain cases, other reaction types

may occur, such as remote charge processes.
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5.L0 FragmentationsofTetrapeptides

The negative-ion CA MS/MS fragmentations of 24 tetrapeptides which contain

the majority of common amino acids have been investigated and are reported

in this chapter. To clarify the proposed mechanisms of fragmentations, the

acidic hydrogens in all tetrapeptides have been exchanged with deuterium and

the CA MS/MS spectra of the [M - D]- ion recorded. The dedeuterated spectra

of these tetrapeptides give fragmentations which:

(i) are in accord with the proposed mechanisms discussed in this chapter

for the respective unlabelled tetrapeptide;

indicate that predominant dedeuteration occurs at the carboxyl centre;

confirm that hydrogen and deuterium transfer either precedes or

accompanies cleavage. This is a feature observed in the spectra of the

corresponding labelled ions derived from di- and tripeptides.(370)

( ii)

( iii)

The extent of hydrogen scrambling observed complicates the spectra of the

dedeuterated tetrapeptides, and for brevity, they have been omitted from the

Tables. Four examples of dedeuterated spectra have been included to illustrate

this point. It must be emphasised that, in essence, the fragmentations

observed for the deprotonated tetrapeptides are in accord with the

fragmentations of the dedeuterated analogues.

Tlne 24 tetrapeptides studied are grouped according to their side chain

functionalities, oiz:

(i) tetrapeptides containing non-polar or no side chains;

(ii) tetrapeptidescontaining aminofunctionality;

(iii) tetrapeptides with aromatic or heterocyclic functionality;

(iv) tetrapeptides containing acid or amide side chains;

(v) tetrapeptides with side chains containing oxygen or sulphur;
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5.LL Tetrapeptides Containing Non-Polar or no Side Chains

Four of the tetrapeptides studied are classified in this grouP, which includes

the simplest tetrapeptide, tetra-glycine. Any significant cleavages observed for

tetra-glycine can only involve fragmentation of the tetrapeptide backbone. The

negative-ion CA MS/MS data are listed in Table 5.2 and an examPle spectrum

of tetra-glycine is shown as Figure 5.L.

d, 10ns 188 L31 74 245

20L

lcly - -Glv' -Glv - Gly (oH) - Hl -

p- ions 1L3 170

227

170

L88

Lrs 131. 144

74 87

Figure 5.1: cA MS/MS spectrum of [Gly Gly Gly Gly(OH) - H]-, with the o and

B ions displayed. Peaks either side of m / z 227 are considered to be artefac ts{ tvt-
\

lrua ln ,, ,na*;, dr c^r,*,Ár, ",1,o*r'}
ü'



Fomration

crl' (clr- - COz) o2- (oz- - COzl cr3- þz- Þs-

2t

(188)

43

(230)

5

(314)

36

(228)

5

(367)

L3

(1,44)

58

(186)

27

(270)

9

(184)

10

(323)

15

(131)

63

(1se)

39

(201)

8

(131)

L1

(270)

4 4

(74)

59

(88)

56d

(130)

5

(74)

4

(114)

5

(114)

16

(14s)

9

(113)

26

(141)

10

(183)

48

(170)

38

(212)

24

(2s4)

68

(210)

100

(30e)

100

(380)

19

(300)

(87)

26

(11s)

11

(1s7)

J

(1s3)

9

(252)

72

(244\

4

(349\

24

(202)

I¡ss

HzO COz n/h Bu

70

(227)

22

(283)

5

(367)

13

(267)

31

(406)

22

(477)

63

(428)

100

(201)

100

(257)

100

(341)

100

(247)

51

(380)

38

(4s1)

79

(402)

58

(286)

6

(328)

Precu¡sorlon

(mlzl

IGGGG(OH) - Hl-

(24s)

IAAAA(OH) - Hl-

(301) b

IALAL(oH) - H]-

(38s) c

TGPGG(OH) - Hl-

(285) e

TGPRP(OH) - Hl-

@24)f

TRPKP(oH) Hl-

- Hl-

Table S.2: CA MS/I\{S Data for tM - Hl- Ions of Tetrapeptides Containing Gly (G), Ala (A), Leu (L), Pro (P), Arg (R) and Lys (K)' u

(a) Relative abundance þase peak = 100%). Losses of H' and H2 do occur, but since they are irrelevent to sequence information they have been omitted'

(b) The genesis of a peak atm/2241(73"/") is unknown-
(c) There are peaks at m/ z 297 (7%) and 166 (14%) which are not identified.
(d) The cr3- ion loses CO2 to form a peak atm/286 (4%').

(e) There is a peak atm/2171' (7%) whose genesis is unknown.
(Ð The genesis of (238,11%) and (281,17"/") are not known-
(g) This spectrum also shows peaks at: m/z 257, (cr1--PhMe), 11"/"; m/z 173, (ProNH-), 4"/";m/z 332, [loss of Pro(NH2)], I3"/"; m/z 1'86'

{PhCH=CHCONHC{t li.e. m/2332- Lys(OH)l} ,26"/o; m/2288,lm/2332- COz [i.e. loss of Pro(NH2) + CO2]], 100%.

o
\
(!
\Ê

(Jt

H
(J)
æ
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The backbone fragmentations observed for tetra-glycine are typical of the

fragmentations observed for tetrapeptides. The spectrum shows the expected

losses of H2O and CO2, (which forms the base peak in the majority of cases),

and include some typical features as well as cleavage ions which give sequence

information. The sequence information is given by backbone cleavages which

are very dramatic: the normal cleavages of dipeptides and tripeptides for the

type shown in schemes (5.13) and (5.14) are very pronounced, with a second

and related cleavage operating which is not observed in the spectra of

dipeptides and only occasionally in tripeptides. The related cleavage ion is

formed as proposed in scheme (5.1S) Proton transfer to the carboxylate centre

forms enolate anion a which may cleave to form the ion complex b. The

complex may (i) cleave to give deprotonated glycine c, or (ii) neutral glycine d

may be eliminated. The observation of these product ions arising from a

competitive proton transfer reaction implies the possibility of formation of a

long-lived dissociation complex.

Gly Gly NH /-\

*
HO

(u) o

[(Gly Gly NHC(H)=C=O) HNCH2CO2H]

(b)

B O¿

NH2CH2CO2H + [Gly Gly NHC(H)=C=O - H]

Gly Gly NH
NHNHa

o

o

[Gly Gly NHC(H)=C=O - H]

(d)

+ NH2CH2C02

(c) (s.18)
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Since the two processes forming the anions c and d are widely observed in the

spectra of tetrapeptides, they are named cr and B backbone cleavages/ so as to

avoid confusion with any of the documented cleavages observed in the

positive ion mode.(329) In principle, three enolate anions may undergo cr and

B cleavage in the case of tetrapeptides. Since each pair arises from the same ion

complex, the a and B cleavages are numbered from the N-terminal end of the

peptide. The backbone cleavages observed in Figure 5.1 are summarised in

Figure 5.2.

c[1 a2 o(3

lcly- Gly- - Gly- - Gly (oH) - Hl

Þr þz Þg

Figure 5.2: Schematic representation of the backbone cleavages of

tetrapeptides..

It must be emphasised that this pictorial representation is not intended to

depict the actual mechanisms of the reactions, since the cr ions almost certainly

undergo proton transfer to form the product anions, while the B ions are

formed following deprotonation in the anion complex [see scheme (sJg)].

The three other tetrapeptides studied which only have polar side chains also

behave similarly, with significant fragmentations generating sequence

information. The data from these spectra are also listed in Table 5.2, and

examples of these spectra are shown in Figures 5.3, 5.4 and 5.5.

* Th" Pt anion has been included here to complete the set of a and p cleavages. Flowever, it must
be noted that tetra-glycine does not form a p1 ion.
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241

285

lcly - cly (oH) - Hl -

p- ions

210

228

Figure 5.3: CA MS/MS spectrum of [Gly Pro Gly Gly(OH) - H]-.

cx ions 3L4 20L L30

IAla- -Leu -Ala- -Leu (OH) - Hl-

p- ions 183 254

130

201

254
270

157 L83

86

(x2)

Figure 5.4: CA MS/MS spectrum of [Ala Leu Ala Leu(OH) - H]-

21.0

267
184L3174

385

341

3r4
328

367
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[D6- Ala Leu Ala Leu (OD) - D] - 346 390

333

d

t
c,

a

(x s)

Figure 5.5: cA MS/MS spectrum of [D6- Ala Leu Ala Leu(OD) - D]-. The

spectrum is characterised as follows (the majority of peaks are not entirely

resolved) Ím/ z (Ioss or formation) relative abundancel: [a] 372/371' (HzO/HOD)

7; 346 (COz) 100; 333 (Bu') 9; lbl 317 /3t8 (crr-, Ds, D+) 4; lcl 273 /274 [(q - COù-,

Dg>Dal 7;ldl257 /258 (Þs-, D3<D¿) 8; [e] 203/204(u2-,D2<Ds) 10; [f] 185/186 (þz-'

Dz,Ds) a;lgl159/ 160 [(ct2-COz); Dz,Dsf3; and [h] 131/132(uz-,D1,D2)L2.

h

e

c

b

I
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5.L2 Tetrapeptides Containing Amino Functionality

Five of the tetrapeptides investigated contain amino functional groups. The

CA MS/MS spectral data are recorded in Table 5.2. Representative spectra are

shown as Figures 5.6 and 5.7.

It has been established that dipeptides containing lysine do not have

fragmentations associated with the side-chain,G67) and arginine dipeptides

show characteristic loss of HN=C=NH in the spectra (see Table 5.1).(367)

Surprisingly, no such fragmentation corresponding to this characteristic loss is

observed for the tetrapeptide examples. The tetrapeptide spectra show that, in

the negative-ion mode, Arg and Lys behave in a similar manner to the amino

acids Ala, Val and Leu in undergoing cr and p cleavage to such an extent that

backbone cleavage occurs to the exclusion of cr-side chain fragmentation.

cl 10ns 367 270 tt4 380 424

309

lcly - -Pro' -Atg -Pro (OH) - Hl-

1.53 309

406

270

367

lt4 153

(x2) (x1) (x2)

p- ions

323

Figure 5.6: CA MS/MS spectrum of [Gly Pro Arg Pro(OH) - H]-
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tt( 380 495ü 10ns

Atg Lys- -Pro (OH) - Hl - - Pro (OH)

p- ions 252 380

4s1

477

252
tt4

Figure 5.7: CA MS/MS spectrum of [Arg Pro Lys Pro(OH) - H]-. Loss of

C-terminal proline dominates spectra. Arginine and lysine show no

side-chain fragmentations.
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5.L3 Tetrapeptides with Aromatic or Heterocyclic Functionality

Eleven of the tetrapeptides studied are classified into this gfouP which include

the amino acids Phe, Tyr, Trp and. His. The negative ion spectra are recorded

in Tables 5.3 and 5.4, and representative spectra are depicted in Figures 5'8 -

5.L5. The cr and B cleavages are prominent fragmentations, which allows for

the complete sequence of each peptide to be determined' Also there are a

number of fragmentations characteristic of aromatic and heterocyclic amino

acid. resid.ues in tetrapeptid.es. The extent of these side chain fragmentations

diminish considerably upon lengthening of the peptide, albeit they are still

noticeable. These side chain fragmentations are discussed in the following

pages for each of the individual amino acids'

(i) Phen)¡lalanine

Dipeptides containing phenylalanine show a side chain cleavage which forms

PhCH2-.(365) This fragmentation pathway still occurs in the spectra of

tetrapeptides, however the PhCHz- ion formed in the ion complex

deprotonates the neutral, and consequently the loss of toluene is detected'

This process is characteristic of tetrapeptides containing N-terminal

phenylalanine, and is illustrated in scheme (5.19) and in Figures 5'8 and 5'9' A

spectrum of a deuterated tetrapeptide is shown in Figure 5.L0.

Ph
[(NH=CH-CO-R) - H]-

HÑ +

(ú)

o

lPhCH2- (HN = CH - Co - R2)l

PhcH3



Table 5.3: CA MS/MS Data for [M - H]- Ions of Tetrapeptides Containing Phe (F). a

(a) Relative abundance þase peak = 100%). Losses of H' and H2 do occur, but since they are irrelevent to sequence information they have been omitted'

(b) The cr2- ion loses PhMe to form m/2185 (25%) f.or GGFL (OH) and ml2129 (3%) for FGFG (OH)'

(d) This spectrum shows peaks at m/z 274 (g%), LB6 (z%) and 115 (z%) for the respective fonnations of (IHzNCH(íPr)CoNHCH(Me)CONHCHzCHg -

tsfl-,i.e. mlz257 - HNCOÌ, {[H2NCH('pÌ)GoNHCH(Me)CON:HI-,i.e. m/z257 - Ala] and {IHzNCH(íPr)CON}II-'i'e. mlz257 - (AlaAla)]' The

formation of these ions have no analogy in this or previous work. The mechanism of formation is not understood'

(e) The o1- ion loses H2O to form m / z 288 $%\'
(f) There is a peak atm/2322 (73%) which is unidentified'

ig) These ,p""iru contain unresolved peaks corresponding to the losses of H2O and NH3.

[¡ rrr"r"isapeak atm/zz}g,(T%)correspondingtothelossof (PhMe+Coz);alsoapeakatm/2364,(NH3+Cþ),77%'

(i) Loss of PhCH=CHCO2H (m/ z 277), unresolved from the a1- ion'

o unidentified peaks include: (922, lzy"), (306,12"/"), (185,21%) and (763, 17"/").

1"t¡ fnere 
"r" 

p"å.r correspondingto m/2289, (PhMe + CoÞ), 5"/";m/z 364, (NH3 +CO2)'17%'

(l) The anions formed from the þcarbon (m / z = 220 and 204) are unresolved from the o¡ and p2- ions'

c)
Þ

(lì
ut

PÈ
o\

23

(334)

3e

(306)

%

(278)

6

3

(2e0)

5

(262)

8

(234)

3

g4b

(277)

L2

(23s)

27

(221)

3ó bl

4

(233)

3

(1e1)

3

(777)

4

z4f s s6f

(130) (113) (260)

7759
(164) (16e)

74

29 74 27

(164) (203) (260)

4 8l 45

Formation

- - cor) ct2' @2- - co2l as- þz- Þs-crl- (or

100

(347)

100

(361)

100 h

(381)

100 k

t4

(2s7)

9

26

(387)

(373)

2

(t47)

4

(147)

13

(333)

21

78

(408)

158

L6s

PhMe PhCH=CHCOzH PhCH=CHCOzNH HzO COz

TGGFL(OH) - Hl-

(3e1)

AAI(OH) - Hl-

IFGGF(OH) - Hl-

IFGFG(OH) - Hl-

425

d

Precursorlon

lmlzl



Formation

01 (cr1- - CO2) a,2' (cr,2- - CO2) cL3- þz' Þs

4d

(278)

23

(3e3)

6

(324)

25

(413)

L9

7

(234)

4

(34e)

12

(280)

4e

(221)

10

(336)

1.5

(2s3)

79

(316)

92

4

(177)

8418
(764) (zte) (276)

17213
(L73) (1.13) (276)

53

(1s4)

13

(2oe)

100

I-ßs

CH2=C5,H4=Q (CO2 + CH2=Ç5¡¡c=O) RCH=CHCO2HHzO COz

22c

(423)

24c

(432)

32

(363)

100

(s42)

32

(s26)

1,00

(3e7)

100

(406)

1,00

(337)

6

(s16)

L5

(s00)

33

(33s)

12

(344)

L9

(2er)

10

(300)

12

(2e4)

L6

(243\

Precursorlon

(mlzl

TYGGF(OH) - Hl-

(441) b

IGGYR(OH)- Hl-

(4so) f

IGAVH(OH) - Hl-

(381) I
IFPWL(OH) - Hl-

(560) h

IFPWP(oH) - Hl-

(544)'

Table 5.4: CA MS/MS Data for [M - H]- Ions of Tetrapeptides Containing Phe (F), Tyr (Y), His (H) and Trp (W). "

(a) Relative ab'ndance þase peak = 100%). Losses of H' and H2 do occur, but since they are irrelevent to sequence information they have been omitted'

(b) This tetrapeptides also loses (H2O + CO2), (379,6%).

(c) The loss of H2O is unresolved due to the loss of NH3 from this tetrapeptide.

(d) Unresolved, shoulder onm/2276. (e) Unresolved.

(f) This spectrum also shows m/z 130, Gly Gly NH-,4% and 319, {HOCoH¿CH=CHCONHCH[(CH2)3NHC(NHz)=NH]COzH - H]-, 3%; There is a peak

at m / 2 201 (7%) which is unidentified'

(g) This spectrum shows two peaks atm/2217 (U%) and234 (22%) which are unidentified.

(Ð The characteristic loss of C9H7N results in the peak at m/ z 431, which is followed by the p3- cleavage, forming a peak at m/ z 3m.

(g) Thisscpectrumalsoshowspeaks at: m/2415,(lossof C9H7N),84"/";m/2371,(lossof C9H7N+Cq),57;m/2300,(Þ¡-ionfromm/243'l',i'e'formation

of [(Phe Pro NHCH=C=O) - H]-.

o
\
(!ì
C¡I

Ê
tÞ\
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When phenylalanine is an internal residue of a tetrapeptide, loss of toluene is

observed, not from the molecular anion, but from the cr-cleavage which

generates N-terminal phenylalanine as the fragment anion. For example, (i)

loss of toluene is observed from the crr ion of deprotonated Pro Phe Gly

Lys(OH) (Table 5.2), and (ii) the u2 cleavage of [Gly Gly Phe Leu(OH) - H]- is also

followed by loss of toluene (Table 5.3).

When phenylalanine is located at the C-terminal position, loss of toluene is

never observed. In such cases a different side chain fragmentation may occur

as detailed in the following section.

425ü 10ns 278 221 L64

[Phe- -Gly -Gly' Phe (oH) - Hl-

Þ lons 203 260

278

164

221 260

203

234 289

177
147

38L

364
333

(*2)

Figure 5.8: CA MS/MS spectrum of [Phe Gly Gly Phe(OH) - H]-.

408
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C[ 10ns 278 22L 74 38L

[Phe- -Gly' -Phe' Gly (oH) - Hl -

p- ions 203 350

203

278

129 L77 234
289

74

("2)

Figure 5.9: CA MS/MS spectrum of [Phe Gly Phe Gly(OH) - H]-. (Table 5.3)

425

221

350
333

408

364
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386

a

430

[D5- Phe Gly Phe Gly (OD) - D]-

r

c
d

o
È,

b
e

h

Figure 5.L0: CA MS/MS spectrum of [D6- Phe Gly Phe Gly(OD) - D]-. The

spectrum is characterised as follows (the majority of peaks are not fully
resolved) lm/z (loss or formation) relative abundancel: lal a10/al1 (ND3, HOD,

DzO) 66;386 (COz) 100; [b] 366/367 (410/471' - COz) 18; [c] 353/354 (Ês-, D3>D+) 47;

ldl 337 / 338 (PhCH2D>PhCH s) 44; lel 280 / 281 (crr-, De>Dz) L2; Vl 222 / 223 (az- 
'

Dz>Dr) 7a; lel 205 /206 (Þz-, De>D z) 24; [h] 75 (crg-) 4. This spectrum also shows

unidentified peaks at: m / z 362 (63%); 325 (23); L85 / 1,86 (32); 1.63 / 1.64 (27). Peaks

associated with fragmentation from the B-carbon are unresolved.
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(ii)

Tetrapeptides Containing Phen)¡lalanine

Tetrapeptides containing phenylalanine residues have fragmentations

resulting from deprotonation at the B-carbon, resulting in the formation of an

ion-complex as described by scheme (5.20).

Ph

Rl HN
R2

IRINH- (Ph - cH = CH - co - R2)IÐ

o

R1 NH, Ph-CH=CH-CO-R2

+ +

t(Ph-cH = CH- co-R2) - Hl - RlNH-

where the precursor ion is a tetrapeptide, such that:

p1 = N-terminal residues, or ÉI

¡12 = C-terminal residues, or OH (s.20)

The ion-complex fragments piø two ways, either (i) dissociation, which

generates the loss of the neutral cinnamyl derivatives, or (ii) fragmentation

after proton transfer within the ion-complex forming cinnamate anion

derivatives. Such a Process may provide sequencing information

complementary to the cr and p cleavage ions as it identifies the position at

which the process occurs. As will be seen shortly, it doesn't necessarily indicate
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which particular residue is lost, since other amino acids which are capable of

being deprotonated at the p-carbon also fragment aiø this pathway'

Fragmentations derived from deprotonation at the B-carbon are observed in

the spectra of dipeptides and tripeptides, however they become less

pronounced as the length of the peptide increases. It has been suggested that

this process may proceed viø a charge remote mechanism [see scheme (5.'l'2),

page L28], but in the case of N-terminal residues this is not possible.

The following observations are noted for phenylalanine occupying each of the

four positions in a tetrapeptide. In principle other aromatic or heterocyclic

amino acid residues may also behave similarly to phenylalanine in these

positions. These residues are discussed separately.

(a) When phenylalanine occupies the N-terminal position, fragmentations

associated with side chain cleavages occur for deprotonation at the amino

functionality, or the benzyl position. The former results in the loss of PhCH3,

and occasionally the loss of COz accompanies such a Process (e.9. see Figure

S.9). The latter results in the loss of NH3 and is frequently accompanied by the

loss of COz. For example, initial deprotonation at the B-carbon of the

N-terminal residue of the tetrapeptide Phe Gly Phe Gly(OH), (Figure 5.9)

results in the losses of NH3 (m/z = 408) and NH3 + CO2 (m/z = 364)..

þ) Pro Phe Gly Lys(OH) (Figure 5.LL, Table 5.2) is the only tetrapeptide

studied which can be deprotonated at the B-carbon of residue two. This

tetrapeptide shows remarkable fragmentations associated with deprotonation

at this site. Formation of Pro NH- (m / z = 113) and loss of Pro (NHz)

(m/z=332) are rationalised by scheme (5.2L). The latter anion (deprotonated

* Deprotonation at the p-carbon of the internal phenylalanine residue results in the loss of
cinnamylglyctne (m / z = 220) and the formation of deprotonated cinnamyl glycine (m /z = 204),

and both are unresolved from the a2- and p2- ions.



Chapter 5 153

cinnamyl-glycyl-lysine) can fragment further either by decarboxylation,

forming the base peak (m/z=288), or can lose lysine aiø a B-cleavage

(m/ z = 186). The loss of lysine from this ion was an unexpected observation, as

there are no similar fragmentations occurring when the N-terminal residue is

aromatic. It is not understood why the loss of COz from this ion should form

the base peak. Also, this spectrum shows that the or- ion then loses PhMe

since the tripeptide Phe Gly Lys(OH) which is formed, is deprotonated at the

N-terminus.

446(x 10ns 349 202 't45

-Phe' -Gly -Lys (oH) - Hl- 288

p- ions 243 300

202

1.86

243 257

L1.3

- Pro

145

402

428

300
332

349

I

Figure 5.11: CA MS/MS spectrum of [Pro Phe Gly Lys(OH) - H]-.



Pro HN

o

Pro NH2 +

[PhCH=CHCO GIy Lys (oH) - H] -

mlz332

PhCH=CHCO Gly Lys (OH)

+ ProNH-

mlzll3
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Ph

ç
Gly Lys (OH) 

-> 
{Pro NH - [PhCH=CHCO Gly Lys (oH)]]

Ês

(PhCH=CHCOHNCH=C=O - H) PhCH=CHCOHNCH2COHNCH3 - H)

mlz186 mlz228 (Ø)

(c) When position three is occupied by phenylalanine, proton transfer from

the B-carbon to the carboxylate centre results in an ion-complex [(scheme (5.22)]

which may fragment by two competitive pathways: (i) dissociation yields a

deprotonated dipeptide amide (loss of a neutral cinnamyl amino acid); or

(ii) proton transfer preceding fragmentation results in the formation of

deprotonated cinnamyl amino acid (loss of neutral dipeptide amide). These

processes account for the peaks at m / z 130 and 260 in the spectra of

deprotonated Gly Gly Phe Leu(OH) (Figure 5.L2), and g and d in the sPectra of

dedeuterated d6- Gly Gly Phe Leu(OD) (Figure 5.L3).

Ph

Leu (OH) + {Gly Gly NH - IPhCH=CHCO Leu (oH)]]Gly Gly HN

o

Gly Gly NH2 +

[PhCH=CHCO Leu (OH) - H]-
mlz260

PhCH=CHCO Leu (OH)

+ Gly Gly NH -

mlz130 (s.22)
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347

334 373

391
d 10ns 334 277 130

lcly Glv Phe- -Leu (OH) - Hl

p- ions 1.L3 260

260

1L3 233
290

(x 2.5)

Figure 5.L2: CA MS/MS spectrum of [Gly Gly Phe Leu(OH) - H]-'

277

185130
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396

[D6- Gly Gly Phe Leu (OH) - D] -

352

Figure 5.L3: CA MS/MS spectrum of [d6- Gly Gly Phe Leu(OD) - D]-. The

spectrum is characterised as follows (the majority of peaks are not fully
resolved) lm/z (loss or formation) relative abundancel: [a] 376/377 (NDg, HOD,

DzO) 35; 352 (COz) 78; Íbl 337 / 338 (o1-, D3>D4) 25; [c] 279 / 280 (u2- , D2>Dù a7 ; Vl
263/264 (Þg-, D3>Da) 100; [e)218/219 (362/363 - COz) 12;Íri187l(u2-PhMe)-172;

lgl131./132 (us-,Dt,Dz) 60. Cleavages associated with fragmentation from the

B-carbon are unresolved from the a3- and p3- ions, as noticed by thickness of

these peaks.

d

I

ott

c

a

b

e
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(d) Of the tetrapeptides investigated, Phe and His are the only residues with

aromatic or heterocyclic functionality at the C-terminus. These tetrapeptides

fragment aiø fhe B-carbon and show: competitive cinnamate anion formation

and loss of cinnamic acid for C-terminal phenylalanine, e.g. Figure 5.14 [Val

Ala Ala Phe(OH)l; and only the loss of uracanic acid for C-terminal histidine

(see Table 5.4).

cr ions 306 235 T64
361. 405

lVal -Ala- -Ala- -Phe (oH) - Hl-

p- ions 't69 240
164

257

235

240

262

69 t9t 288

306

't47

(x s)

I 387

Figure 5.14: CA MS/MS spectrum of [Val Ala Ala Phe (OH) - H]-.
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(iii) Tyrosine

Spectra of tetrapeptides containing tyrosine can be readily identified by the loss

of p-benzoquinone methide [scheme (5.23)], which is also a loss observed in the

spectra of the amino acid and tyrosine dipeptides;@a\ however, the formation

of deprotonated p-benzoquinone is not detected in any of the tyrosine

containing tetrapeptide spectra.

From a sequencing point of view, the loss of the p-benzophenone methide

indicates the presence of tyrosine, but since the loss is independent of position

in the tetrapeptide, it does not disclose any detail regarding its specific

position. Such information may be gained from fragmentations observed after

deprotonation at the B-carbon. Such a process is analogous to the mechanisms

observed for phenylalanine being deprotonated at this position. Such a

mechanism can confirm the position of tyrosine (or phenylalanine) in a

peptide.

¡nlHNcHcon2¡

RlHN
R2 Ð [RINHCHCOR2 10: C6H4:CH2)] + +

O:C6H4:CH,o

¡11

B2

N-terminal residues, or H.

C-terminal residues, or OH

where

(s.2 3 )
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cr ions 399 336 lzg 406 450

lcly -Gly' 'Arg(oH) - Hl- - Coz

p- ions 1L3 276

1.73

276

344

393 432
336

1,30 349

11.3

Figure 5.L5: CA MS/MS spectrum of [Gly Gly Tyr Arg (OH) - H]-, with the loss

of p-benzoquinone methide illustrated.

ê

300

(x2)
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(iv) Tr)¡ptophan

Tetrapeptides containing tryptophan show a and p cleavages as well as the

characteristic side-chain loss of C9H7N, which dominates the spectra.(342) The

tetrapeptides studied have the tryptophan residue at position three and show

loss of the cr-side chain together with a p3 cleavage* (see Table 5.4 and Figure

5.L6).

- caHTN 560ct 10ns 31.64L3

IPhe Leu (OH) - Hl- - Leu (OH) 542

43L

413

31.6

300

Figure 5.L6: CA MS/MS spectrum of [Phe Pro Trp Leu(OH) - H]- showing that

the side chain fragmentation dominates this spectrum.

* It is unclear whether the peptide first loses the side-chain forming [Phe Pro Gly X (OH) - H]-,
(where X = Pro or Leu) which then forms the ÞS- ion, or aice aersa. Either way, the formation of

[Phe Pro NHCH=C=O - H]- (m / z = 300) is detected.

516

*
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(v) Histidine

Figure 5.17 is a CA MS/MS spectrum of [Gly Ala Val His (OH) - H]- (see also

Table 5.4), and shows no cleavages associated with loss of the histidine cr-side

chain, which is consistent with that reported for dipeptides.(365) The spectrum

shows the formation of the three ü cleavage ions, but lacks peaks

corresponding to p ions. Deprotonation at the B-carbon results in the loss of

uracanic acid.

ü 10ns 324 337 381.253

(oH) - Hl -

154

209
280 324

p- ions

363

243

Figure 5.L7: CA MS/MS spectrum of [Gly Ala Val His(OH) - H]-.
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s.14 Tetrapeptides Containing Acid or Amide Side Chains

Four of the tetrapeptides studied have acid or amide side chains. The spectra

of these tetrapeptides are recorded in Tables 5.5 and 5.6 (page 172) and Figures

5.18 - 5.20 and show quite remarkable differences. When Asp and Asn are

C-terminal, no cr and B cleavages are observed at all, and the fragmentations

observed in the spectra are associated with the cr-side chain. Negative ion

spectra of dipeptides containing C-terminal Asp and Asn show loss of H2O(366)

(see Table 5.1.), whereas the spectra of tetrapeptides are dominated by the

respective losses of HOzCCH=CHCO2H and HOzCCH=CHCONH2 (see Figures

S.1B and 5.19). These fragmentations are not observed in all of the [M - H]-

dipeptide spectra.(366) Both aspartic acid and asparagine have acidic hydrogens

on the B-carbons, thus these fragmentations are rationalised by scheme (5.A).

R2

oH Ð IRINH- (R2 - cH = CH - co2H)] Ð

o

where the precursor ion is a tetrapeptide, such that:

¡1 = N-terminal residues

B2 = -COOH, or -CONH2

L

R2-cH=cH-co2H
+

RlNrt-

(s.24)

R HN



Table 5.5: CA MS/MS Data for [M - H]- Ions of Tetrapeptides Containing Glu (E), AsP (D), Asn (N). a

Fonnation

c[1- a2 cI'3- þz- Þ¡-

5

(331)

I

5

(260)

11

(1ee)

26

(328)

5

t6 1

Lo6s

NHe HzO COz RCOCH=CHCO2H

(R=OH or NH2)

100

(443)

100

v
(384)

d

38

(3s8)

10e

(416)

5

(286)

100

(286,)

65

(34s)

d

(313 )

Precusor lon

(mlzl

IGRGD(OH) - Hl-

(402) b

IEAEN(OH) - Hl-

(460) c

INAGA(OH) - H]-

($0) f

(a) Relative abundance þase peak = 100%). Losses of H' and H2 do occur, but since they are irrelevent to sequence information they have been omitted.

þ) There is a peak atm/23% (32%) whose genesis is not known'

(c) Thisspectrumalsoshows: m/22t7,[lossof pGluAsn(oH)],11%;m/2242,{lossof GluAla(oH),i.e.formationof [pGluAsn(oH)-H]-1,46%;m/2728'

[pclu(oH)-]H]-,g"/";m/23L3,(a1-H2O),7"/";m/23g8/3gg,(CO2+H2OINH3),unresolved(5%). 
Therearealsoseveralpeakswhosegenesisis

unlnown: (223, 5"/"), (298, 8%).

(d) The loss of H2O and NH3 are unresolved.

(e) A further loss of CO2 is observed at m/ z 372 (7}%),loss of tris-CO2 has the same integral mass as the p3- ion'

(Ð This spectrum shows peaks at: m/2295, (H2O + NHg), 23%;m/2268, (CO2+ NH3),43%' o

ßì
(rì

O'
C})
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402

[Gly Arg Gly Asp (oH) - H] -

286

HO2CCH=CHC02H

358 384

Figure 5.L8: CA MS/MS spectrum of [Gly Arg Gly Asp(OH) - H]-.

In marked contrast, the deprotonated ion from Asn Ala Gly Ala(OH) shows

several cr and B backbone cleavages (Table 5.5). This tetrapeptide, which cannot

lose HO2CCH=CHCONH2, shows the characteristic loss of NH3 associated with

asparagine residues. Dipeptides with N-terminal asparagine show significant

loss of NHs (cf. Table 5.1.). The loss of NH3 may result from a number of

possible pathways. Two of the more plausible include the process described in

scheme (2.24) for the formation of the maleamide derivative. Alternatively,

the formed enolate anion in scheme (2,24) may eliminate NH3 from the amide

side chain.
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The behaviour of glutamic acid residues are intriguing. Previous studies show

that glutamic acid forms the pyroglutamate anion irrespective of its position in

the peptide sequence, and does so at high and low energy dissociation

pathways .@66, s75) Glu Ala Glu Asn(OH) and Ala Gly Ser Glu(OH) are the two

tetrapeptides investigated which have glutamic acid residues. The

deprotonated. spectra are recorded in Tables 5.5 and 5.6 and are shown in

Figures 5.L9 and 5.20. Both show cr and p cleavages, but are of small abundance

in comparison to the side chain fragmentations. The spectra of Ala Gly Ser

Glu (OH) has an intense peak (m/ z = 232) which is accounted for by the loss of

pyroglutamic acid. The proposed mechanism of formation is shown in

scheme (S.2S) and involves the formation of an ion-complex generated by

nucleophilic attack by the amide. The hydroxide ion then displaces the

pyroglutamate ion which is observed at m/z 128. (The peaks atm/z 128 and

232 arc unresolved from the u2- and B2- cleavage ions at m / z 127 and 233)'

Alternatively, the pyroglutamate may be formed by nucleophilic attack on the

amide carbonyl by the side chain carboxylate anion, with the elimination of

pyroglutamic acid ensuing.(375) Attack by the C-terminal carboxylate is

unlikely since this process has not been observed in any spectra of other

tetrapeptides. Loss of pyroglutamic acid from the C-terminal residue generates

a deprotonated tripeptide.



HO

o
Ala Gly Ser $ CO2H AlaGlyHN

(Ð
IJ HO

o HOo

Ala Gly Ser OH +

-

(Ala GIy Ser OH)

o
mlz 128

[Ala Gly Ser (oH) - H] -

mlz 232

o( 10ns 290 233 L46

IAla Gly -Ser 'clu (oH) - Hl-

p- ions 127 214

233
214

L46

127

(x L0) (x 10) (x 10)

Chøpter 5 t66

o

(s.2s)

331.

343

317

o

290

203

Figure 5.L9: CA MS/MS spectrum of [Ala Gly Ser Glu (OH) - H]-.
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When glutamic acid is an internal residue in a peptide, the formation of

pyroglutamate still occurs. This is evident in the spectra of [Glu Ala Glu Asn

(OH) - Hl- (Table 5.5 and Figure 5.20), where Ttt / z = 242 resills from the loss of

neutral Glu Ala (OH), and m / z = 217 results from the elimination of the

deprotonated dipeptide as shown in scheme (5.26).

CO Asn (oH)
CO Asn (OH)

Glu HN
+

HO o

(Glu AIaOH) o COAsn (OH)

Glu Ala (OH) +

CO Asn (OH)

CO Asn (OH) H

NAlaGlu

N

H
No

H

+ lGlu Ala (OH) - Hl -

mlz = 217 mlz = 242 (2.26)
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a ions 331 260

[Glu- -Ala -Asn (OH) - Hl-

p- ions 199 328

345

\
33L

128 199

217 260

Figure 5.20: CA MS/MS spectrum of [Glu Ala Glu Asn(OH) - H]-.

443 460

242

425328

4L6
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When glutamic acid is the N-terminal residue of a tetrapeptide, the formation

of the pyroglutamate anion (m/ z = 128) as well as the loss of pyroglutamic acid

are observed [scheme (5.27.)]. This is rationalised for the peptide Glu Ala Glu

Asn (OH) shown in Table 5.5 and Figure 5.20.

o

HO (_ NH CO Ala Glu Asn (OH) + CO Ala Glu AsnN
H

"+-co2HH
+

[Ala Glu Asn (OH) - H] -

mlz33l

oê HNCH(Me)CO Glu Asn

AlaGluAsn (OH) +

mlzl28

The peak at m / z 128 could also arise from a process equivalent to the

production of a B1- ion. Flowever, B1- ions are typically not observed in the

spectra of tetrapeptides. In this case the cr1- ion generated in the ion-complex

may deprotonate the carboxyl group of the N-terminal glutamic acid residue

[AH"acid (side chain) = 344 kcal mol-1,(376) scheme (5.28) adapted from ref (375)].

Overall, the detection of a peak at m / z L28 indicates that a glutamic acid

residue occupies a terminal position in a peptide.

o Coz

(2.27)
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Glu Asn (OH)
HzN

Glu Asn (OH)

-Ð

A

o OH

HzN

H

o

o

I(H2NC[(CH 2)2CO2H]: C: O) Ala Glu Asn (OH) - Hl

,/\

Ala Glu Asn (OH) + H2NC[(CH2)rCO2H]: C: O

HzN + [AlaGluAsn(OH) - H]
C:O

mlz = 128 mlz = 33L

o
(s.28)

The spectra of deprotonated Glu Ala Glu Asn (OH) illustrates the complexity of

analysing negative ion spectra of tetrapeptides which have a number of cr-side

chains bearing functional groups, all of which may participate in the formation

of product ions. A lot of the unassigned peaks are due to a combination of

losses of CO2, H2O and NH3 from the cr and B cleavage ions. These ions are in

small abundance (<5%) compared to the ions which generate sequence

information.

o
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5.15 Tetrapeptides with side chains containing oxygen of sulphur

Five of the tetrapeptides studied contain Ser, Thr, Cys or Met amino acids. The

spectra for these peptides are recorded in Table 5.6 and illustrated in Figures

s.2L- 5.24.

The characteristic fragmentations of Ser and Thr, involve the losses of CHzO

and MeCHO respectively, and are independent of their positions in a peptide.

These fragmentations produce the base peak in the spectra of di-, tri- and

tetrapeptides. When Ser and Thr occupy the C-terminal position in a

tetrapeptide, these fragmentations occur to the complete exclusion of ø and B

backbone cleavages [see Table 5.6 and scheme (5.29)]. The loss of formaldehyde

still forms the base peak of the spectrum when Ser is not C-terminal, but in

such a case (e.g. Figure 5.21), some cr and B cleavage ions are observed.

R

(
Gly Ala Val HN

Where R H li.e. GIy Ala Val Ser (OH)l

Me [Gly Ala Val Thr (OH)]

o

o

")
o + Gly Ala VaI HNCHCO2H + RCHO

(5.2e)



Formation

ctl- 0.2- cf,3- þt Þs-

67Zcd53d7
(zeo) (233) (146) (t27) (214)

11

(226)

19237
(3s2) (zes) (148)

31

(260)

LGs

HzO CO2 CH2O MeCHO HzS (H2S + CO2) MeSH (MeSH + CO2) MeSMe '(CH2)2SMe

43

(343)

10

(313)

1.0

(327)

18

(32e)

15

(3e1)

t7 100

(317) (331)

4 100

(287) (301)

E 1.00

(301)

9

(303)

100

(36s)

100

(313)

25

(26e)

47

(361)

32

(3t7)

26 ß
(334)(347)

hecu¡sorlon

(mlzl

IAGSE(oH) - Hl-

(36,1) b

IGAVS(OH) - Hl-

(331) e

IGAVr(OH) - Hl-

(34s) f

lGAvc(oH) - Hl-

(347)

IGGFM(OH) - Hl-

(409) h

Table 5.6: CA MS/MS Data for [M - H]- Ions of Tetrapeptides Containing Glu (E), Ser (S), Thr (T), Cys (C), Met (M). '

(a) Relative abgndance þase peak = 100%). Losses of H' and H2 do occur, but since they are i¡relevent to sequence information they have been omitted.

þ) Peaks at m / z 2L6 (7%) and 199 (5%) are unidentified.

(c) This spectn¡m shows a peak atm/2203 (5%) corresponding to (42 - CH2O).

(d) unresolved

(e) This spectrum also shows m/2269, (CQ + HzO), 9"/";m/2283, (CÍI2O +}J2O),3"/".

(0 This spectrum also shows the following peaks: m/2283, [HzO + (CO2 or CH3CHO), 19ï"; m/22M, (cr1- cleavage from m/z 30I),7"/",

m/z2D,lmlz2M-COz,i.¿. formation of IHzNCH(Me)CONHCH('Pr)CONHCH3 -Il]-1,6%-

G) The integral masses of CO2 and CH3CHO are both 44.

(h) This spectrum also shows peaks at m/ z 1.30, {NH2CH2CONHCH2CONH- [i.e. loss of PhCH=CHCONHCH(CH2CH2SMe)CO2H]], 1L% and

m/2278, [PhCH=CHCONHCH(CH2CH2SMe)CO¡ (i.ø.loss of NH2CH2CONHCH2CONHz)],13%.

o
\
$\t

CJI

F¡
N
N)



[Gly Ala Val Ser (OH) - H] -

Figure 5.2L: CA MS/MS spectrum of [Gly Ala Val Ser(OH) - H]-
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301.

- cH2o

- CO,#

313

30L

- coz
or

- MeCHO
- Hzo

-

269

331.

345

287

283

Gty Ala u"d-*r (oH) - Hl-

p- ion

200 226 244

226

283

Figure 5.22: CA MS/MS spectrum of [Gly Ala Val Thr(OH) - H]-

327
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The presence of a C-terminal Cys residue in a tetrapeptide causes the spectrum

of its deprotonated ion to be totally dominated by peaks produced by losses of

H2S and (H2S + COz), [see Table 5.6, Figure 5.23 and scheme (5.30)]. No cr and p

cleavage ions are formed in this tetrapeptide system. This is a feature that

C-terminal Cys has in common with C-terminal Asp, Asn, Ser and Thr.

SH

o
Gly AlaVal HN Gly Ala VaI HNC:CHz + HzS + coz

(s.30)

H

o

[Gly Ala Val Cys (OH) - H] - 347

3L3

- Hzs

- Coz

329269

Figure 5.23: CA MS/MS spectrum of [Gly Ala Val Cys(OH) - H]-

303



Chøpter 5 175

Finally, methionine is readily identified by negative ion mass

spectrometry.(368, 370) Deprotonated ions from di-, tri- and tetrapeptides

containing Met all show characteristic losses of MesH, MeSMe and

MeSCHzCH2'. In the particular case when Met is C-terminal in a tetrapeptide,

these fragmentations are observed together with cr and B cleavages (see Figure

5.24). The loss of MeSH is unusual, and has been discussed in previous

s1u¿iss.(368) Such a fragmentation illustrates the difficulty of determining the

mechanism of an unusual gas phase reaction in a molecule of this complexity.

409
o( 10ns

p- ions

lcly -

352 295 148

-Gly - -Phe- -Met (oH) - Hl-

260

365

g€

352
b

260

295

a
L30 L48

Figure 5.24: CA MS/MS spectrum of tcly Gly Phe Met(OH) - Hl-. Further

characterisation is given by: [a] peaks at m / z 130 and 278 which correspond

respectively to NHzCHzCONHCHzCONH- [loss of PhCH=CHCONHCH-

(cHzCHzSMe)COzHl and PhCH=GHCONHCH(CHzCHzSMe)COz- [loss of

NHzCHzCONHCHzCONHz;lblm/z 317 [-(MeSH + CO2)]; lclm/z 334

[- ('CHzCHzSMe)]; ldlm/2347 (-MeSMe); and [e] m/2361' (-MeSH)'

d

391a
278
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The spectrum of the D6-derivative of Gly Gly Phe Met(OD) (Figure 5.25) loses

MeSD and MeSH from its [M-D]- ion in the ratio 3:L, both of these product

anions then lose COz. The process either has to be an elimination/

deprotonation reaction and/or a charge-remote reaction: both are high energy

processes. Using the labelled compound as an illustration, there are a number

of possible mechanisms for the losses of MeSD and MeSH within the two

scenarios outlined above. Two of the more plausible are:

4L4

370

e

tt

a

339

k
I

b Íc

d

h

Figure 5.25: CA MS/MS spectrum of the [D6- Gly Gly Phe Met (OD) - D]-. The

spectrum is characterised as follows (the majority of the peaks are not fully
resolved) lm/z (loss or formation) relative abundance(%)l: [a] 1'33/1'34

I(NDzCHzCONDCHzCOND)-, Ds, D¿] 23; Íbl 1'49 / 150 (o¿s-,Dt,Dz) 24; lcl187 / L88

(genesis unknown) 21; [d] 235/236 (f - COz) 13; [e] 263/264 (Þs-, Ds, Dù a6; Ífl
279 / 280 [PhCH=CHCONDCH(CHzCHzSMe)COz-] 21; lel297 / 298 (uz-,D2, Dg) 31;

ltnl 321/ 322 (l - COz) 21.; 339 ('CHzCHzSMe) 50; [i] 355 / 356 (ar-, Ds<D +) 36; lil
365 / 366 (MeSD/MeSH) 40, 13;370 (COz) \00; 395 / 396 (HOD /}{2O) 41'.
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(i) elimination/deprotonation requiring proton transfer to form Et.b

intermediate e followed by elimination through a six-centre state to form an

anion [Scheme (5.31)] which may then proton transfer to form the carboxylate

an10n;

MeSCH2

+
D

5,i *
lR - NCH (CH: CH2) CO2HI

+ MeSD
R

RDN co2H

(e)

(s.31)

(ii) the concerted four-centre mechanism shown in Scheme (5.32).

SMe

H
RNDCH (CH: CH2)CO2 + MeSH

RDN Coz (s.32)

5,1,6 Conclusions

This study of tetrapeptides has shown conclusively that backbone

fragmentations do occur and generate a series of ions, which unequivocally

provide sequencing information: these cleavages have been named o and B

cleavage ions. This study has also shown that the process which forms these

two species of ions are generated by u related mechanism by way of an

ion-complex. Dissociation of this ion-complex yields o- ions; whereas proton

transfer in the ion-complex generates B- ions. There are some exceptions to

the formation of cr and B cleavage ions particularly when the C-terminal

residue of the peptide is either Cys, Ser, Thr, Asp or Asn. In these cases the cr

o
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and B ions are completely excluded from the spectrum, as fragmentation

occurs preferentially through the C-terminal residue side chain. Such

fragmentations dominate the spectrum and are characteristic for particular

residues; hence they provide a useful insight into the amino acid constituents

of the peptide.

Some sid,e chain fragmentations observed in the spectra of dipeptides and

tripeptides are still observed for particular residues in tetrapeptide spectra,

although the intensity of these fragmentations are diminished. There are

specific side chain fragmentations which allow the identification of a residue

(e.g. Ser, Thr, Cys, Met, Tyr and Trp) irrespective of its position in the peptide.

Side chain fragmentations for residues (e.g. Phe, His, Asp, Asn and Tyr) in

particular positions generally result from proton transfer from the B-carbon,

followed by elimination of the N-terminal residues. Also there are particular

fragmentations which appear to be due to a juxtaposition of several residues,

e.g. Pro Phe (Table 5.2 and 5.3). Additional losses ol CO2, H2O or NH3 from any

of these ions can also occur, but are usually in small abundance in comparison

to ions which generate sequence information [except in the case of Pro Phe Gly

Lys(OH), see Table 5.21.

In many cases, fragmentations in the negative-ion CA MS/MS spectra of

tetrapeptides produced by FAB MS are as informative as those from the

cognate positive-ion spectra. At the very least, the negative and positive

methods provide complementary information. As part of the continuation

and development of this exciting field, Steinborner and Bowie have compared

the positive and negative ion mass spectra of amphibian peptides.PTT) It now

remains for researchers to utilise this knowledge of the behaviour and

chemistry of peptides in the gas phase to characterise unknown sequences of

peptides in both the positive and negative ion modes of operation.
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Chapter 6 EXPERIMENTAL

6.1 Mass Spectrometry AnalYsis

All mass spectra presented in this thesis were acquired using a Vacuum

Generators ZAB 2HF feverse sector geometry mass spectromsls¡(l1S)

(Department of Chemistry, Universiff of Adelaide) equipped with an lon Tech

FAB gun operating with argon gas at an accelerating potential of 7 kV, with a

current of 1 mA.(378) It has been discussed in section 1.L3 and a schematic

diagram is on page 27.

Fast Atom Bombardment Mass SPectrometry (FAB MS)

Routine positive ion FAB mass spectra (required for the detection of

protonated molecular ions of peptides, including molecular weight

information after Edman degradations and enzyme digests) were obtained by

scanning the magnet over a mass range from m / z 3300 to 300 Daltons using a

mass resolution of approximately L000 - 1500, and either: recorded on UV

sensitive paper using a Thorn EMI 6150 Mk II UV Oscillograph; or recorded

using a PC data station with Maspec Data System for Windows@ software

(Mass Spectrometry Services software Ltd., Manchester, England), using a scan

rate of approximately 70 sec/decade.

Samples for FAB MS analysis were dissolved in water (typically 50 pL) and L pL

lyophilised onto the FAB probe tip in the pre-vacuum system of the mass

spectrometer. The matrix (L pL), usually either glycerol or magic bullet, was

added to the probe tip and mixed thoroughly with the sample before insertion

into the ion source
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positive ion collisionally activated mass analysed ion kinetic energy spectra

(CA MIKES) were obtained by setting the magnet to transmit only the

protonated ion under investigation into the second field free region, where the

collision cell was filled with argon to a Pressule of 2xL0-6 Torr and the electric

sector scanned. The pressure of arSon was measured by an ion gauge situated

in the second. fierd free region between the corlision cerl and the electric sector

(see Figure L.3). This produced a reduction in the main ion beam or 10"/"'

which corresponds essentially to single collision conditions.(110) All slits were

futly open to maximise sensitivity and to reduce energy resolution sffssle'(379)

samples were dissolved in water (typically 50 pL) and 3 x2¡tL lyophilised onto

the FAB probe tip in the pre-vacuum system.of the mass spectrometer' The

**
matrix (2ltL),usually glycerol or magic bulletlwas added to the probe tip and

mixed thoroughly with the sample before insertion into the FAB ion source'

occasionapy a trace amount of a matrix additive (typically trifluoro-, trichloro-,

or acetic acid) would be mixed' thoroughly with the sample prior to analysis' so

as to enhance the formation of protonated ions in the mass spectrometer' The

spectra were record.ed on a paPer chart recorder' The ions usually lasted long

enough for the collection of at least two quality complete spectra' The masses

of the resultant fragment ions were determined manually using a scan range

of about 7020V (i.e.En. --rttl and a scan rate of.2x102 sec/decade' Because of

the kinetic shift, the peaks in the ion kinetic energy spectra may be up to one

Dalton lower than the expected theoretical mass. However, it is the difference

between the peaks that provide the sequencing information and these

d.ifferences may be reliably determined to one Dalton.

* 
EO is the electric sector voltage required to transmit the parent ion beam.

d * ot,+ t io{Àrq+ol ' dìf}'rò ør'-¡f"( uì [' t i î: t )



Chøpter 6 t81'

Negative ion CA MIKES spectra were obtained with similar facility, except that

the polarity of the magnet and electric sectors were set to transmit negative

ions formed from the deprotonated molecular ion [M - H]- generated in the

FAB ion source. Samples were dissolved in water (typically 100 pL) and

2x3 pL lyophilised onto the FAB probe tip in the pre-vacuum system of the

mass spectrometer. Magic bullet, thioglycerol,. glycerol or d3-glycerol (for

deuterated peptides) were used as matrices (2 pL) and occasionally a trace

amount of tetramethylammonium hydroxide in methanol would be added to

enhance the formation of deprotonated ions. The spectra were recorded on a

paper chart recorder and the ions usually lasted long enough for the collection

of at least two quality complete spectra.

6.2 Surface Electrical Stimulation and Preparation of Frog Skin Secretions

The granular secretions from the frogs were obtained through the courtesy of

Associate Professor M. J. Tyler, Department of Zoology, University of

Adelaide. Surface electrical stimulation(148) of the frog skin glands was

achieved by using a C. F. Palmer 'Student Model' electrical stimulator, with a

bipolar electrode o1 21, G platinum. The frogs were held by the back legs, the

skin moistened with deionised water and surface electrical stimulation was

performed by gently rubbing the electrode in a circular motion over the entire

skin. Operating conditions usually consisted of: a pulse duration of 2.5 msec; a

pulse repetition of 50 }irz; and a stimulus strength of 2 volts. The resulting

secretion was collected by washing the frog with a stream of deionised water

(approximately 20 mL). The volume was doubled with methanol and stored at

* Thioglycerol was used for the tetrapeptide Glu Ala Glu Asn(OH) (lM-Hl- = 460), since

oligomers of glycerol and magic bullet apPeil at m/ z 459 and 461 respectively.
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-10. C lor 24 hours (to precipitate and deactivate any proteins, proteases and

enzymes). The secretion was centrifuged at 3000 rpm for 5 mins (Clements GS

l-00 centrifuge) and the supernatant liquid collected. The crude precipitate was

washed with fresh methanol / acetic acid L:L, centrifuged and the supernatants

combined. The volume of supernatant was carefully reduced to about 5 mL in

oøcuo (using a rotary evaporator, <40" C,1,4 mm Hg). The residue was passed

through a 0.45 pm Millex filter unit (Millipore, Bedford, MA., USA), and

lyophilised. This extract can be stored for up to 12 months at -10" C, without

any detectable changes in the composition of the peptide mixture.

Seven specimens of l.Iperoleia inundøtø afforded on average 3 mg of crude

peptide mixture per frog; whereas 9 specimens of lJperoleia miobergi afforded

on averageT mgper frog.

6.3 Analytical and Preparative HPLC

Analytical HPLC separations were achieved using a VYDAC 218TP54 protein

and peptide cL8 HPLC column (5 p, 300 4,, 4.6 mm id x 250 mm, Separations

Group, Hesperia, CA., USA), fitted with a VYDAC 218TP 300 Å guard column,

equilibrated with acetonitrile / water [1:9] contaminated with 0J'%

trifluoroacetic acid as an ion pairing agent. Analytical traces were primarily

used for (i) purifying fractions; and (ii) as a "guide map" for preparative work.

The elution profiles were generated using a linear gradient produced by an ICI

DP 800 Data Station controlling two ICI LC 1110 HPLC pumps, increasing

typically from L0 - 75% acetonitrile over 30 mins at a flow rate of L ml/min.

The eluent was monitored by ultraviolet absorbance at 21,4 nm light using an

ICI LC 1200 variable wavelength detector. Samples were injected into a

Rheodyne injector fitted with a 200 pL injection loop using the appropriate

sized Hamilton syringe equipped with the appropriate sized Rheodyne needle.
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preparative HPLC separations were achieved using a VYDAC 218TP510 protein

and peptide cL8 HPLC column (5 p,300 Å., 10 mm id x 250 ñm),* fitted with a

VyDAC 218TP 300 Å guard. column, equilibrated with acetonitrile / water []-:91,

contaminated with 0.1% trifluoroacetic acid as an ion pairing agent. The

elution profiles were generated using a linear gradient produced by a Waters

Automated Gradient Controller controlling two Waters HPLC PumPS (PtmP

A, model 50L, aqueous; Pump B, model 510, organic) increasing typically from

t0 - 75% acetonitrile over 30 mins at a flow rate of 4.5 ml/min. The eluent

was monitored by ultraviolet absorbance at 214 nm light using a Waters

Lambda-Max mod.el 481 LC variable wavelength detector. Samples were

injected into a Waters UK6 injector, fitted with a 2 mL injection loop using an

appropriate sized Hamilton syringe equipped with the appropriate sized

Waters needle. Data were monitored by an ICI DP 800 Data Interface and an ICI

DP 700 Chromatography Data Station.

All peptide separations of U. inundøtø were achieved by using the VYDAC

21.8TP54 column. A typical elution profile of the separation of the crude extract

is shown in Figure 3.4. Preparative separations were achieved by dissolving

the lyophilised peptide mixture in Milli-Q water (2000 pL) and injecting

volumes of 25 ¡.rL. Up to 65 individual injections afforded workable amounts

of material from each of the 34 separate fractions collected. Fractions from

individual separations were collected, combined (as appropriate), concentrated

and dried in tsacuo. Each fraction was analysed by FAB MS. Purification was

carried out using the above systems with the VYDAC 218TP54 column, except

that a gradient of no more than 5% was used, such that the retention time of

the sample was in the range 20 - 30 mins.

* The purchase of the 218TP510 column arrived after the completion of the separation of

l-l inindata,hence alltl inundøtn preparative separations were performed using the 218TP54

column (although the HPLC machines wete not interchanged).
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An analytical separation of the crude peptide secretion from U. miobergl was

achieved by using the VYDAC 218TP54 column. A typical elution profile of

the crude extract is shown in Figure 4.3, which was generated by injecting a

S pL sample (dissolved in 1000 ¡rL). This analytical profile served as a 'guide

map' for preparative separations, which were adequately achieved by using the

VYDAC 218TP5L0 column. The lyophilised peptide mixture was dissolved in

Milli-Q water (500 pL), with injection volumes of 50 pL (approximately

6 mg/injection) affording workable amounts of material from each of the 20

separate fractions collected. Fractions from individual separations were

combined (as appropriate), concentrated and dried in uacuo, and analysed by

FAB MS. In some circumstances the fraction was a composition of two or

more peptides. Where this was observed the peptide fraction was purified

using the VYDAC 218TP54 column with a linear gradient changing by u

maximum o1 5% acetonitrile (+ 03% TFA) over 30 mins, such that the

retention time of the peptide mixture was between 20 and 30 mins.

6.4 Automated Sequencing

The structure assignments for the peptides were confirmed by N-terminal

sequencing using Edman chemistry,(328) followed by on-line (microgradient)

PTH-amino acid analysis and was performed on an Applied Biosystems 4704

automated protein sequencer equipped with a 9004 data analysis module.

Initial attempts to sequence the uperin peptides gave no more than four

successful sequence cycles before all the peptide was washed from the glass

fibre filter. Good results were obtained using a disc of polyvinylidene

difluoride (PVDF) membrane (Immobilon P, Millipore) treated with BioPrene

PlusrM (Applied Biosystems, Inc.) in ethanol, onto which the peptide (typically

300 pmol lyophilised) was absorbed from aqueous acetonitrile (90%). The disc

was pierced several times with a tazor blade in order to aid the flow of solvent.
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6.5 Chemicals

All solvents were purified by standard methods prior to use. Milli-Q

(deionised) water and Ajax HPLC grade acetonitrile 190 were used for HPLC.

Heptafluorobutyric acid (HFBA) was purchased from Aldrich. Trifluoroacetic

acid (TFA) spectroscopic grade was purchased from Sigma. HPLC solutions

were filtered through a0.22 pm membrane (Millipore), then sonicated prior to

use. Phenylisothiocyanate (PITC) was purchased from Applied Biosystems.

The tetrapeptides Phe Pro Trp Pro (NHz) and Phe Pro Trp Leu (NH2) were

isolated from the Australian Red Tree Frog, Litoriø rubellø (from Lake

Argyle)(tg9,288) and converted into the carboxylic acid as follows. The peptide

(500 nmol) was dissolved in 0.1 M HCI (200 pL) and incubated at 40'C fot 2

hours. The solution was lyophilised and analysed by FAB MS. Gly Ala Val X

(where X = Cys, His, Ser, and Thr) were commercial samples from Chiron

Mimotopes, Clayton, Victoria, Australia. Remaining tetrapeptides were

commercial samples from Sigma, St. Louis, USA.

The deuterated samples were formed by the following general procedure. All

procedures were performed under a blanket of high purity nitrogen. The

tetrapeptide (50 pg) was dissolved in D2O (200 pL) in a 1.5 mL polypropylene

Eppindörf centrifuge tube, and lyophilised to remove H2O, HOD, and DzO.

This procedure was repeated 3 times. Samples were then dissolved in D2O

(50 pL) and 3 pL removed for CA MIKES analyses, using d3-glycerol as the

matrix. On the basis of the full scan FAB spectra of the deuterated

tetrapeptides, at least 75 - 90% of the exchangeable hydrogens were replaced.
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6.6 Manual Edman Degradations

The following is an adaptation of the procedure used by Bradley and

Williams.(380)

The peptide (200 nmol) was dissolved in water (a0 pL) and redistilled pyridine

(a0 pL) in a l-.5 mL polypropylene Eppindörf centrifuge tube. A solution of

phenylisothiocyanate in heptane (PITC, 5"/", 40 pL, protein sequencing grade,

Applied Biosystems) was added, the mixture purged with oxygen free nitrogen,

capped, incubated at 40o C for 1. hour, washed with hexane: ethyl acetate (2:1

v/v,2x50 pL) and tyophilised. Trifluoroacetic acid (50 pL) was added, purged

with oxygen free nitrogen, caPPed, incubated at 40" c for 30 min and

lyophilised. The residue was suspended in deionised water (50 pL) and the

phenylthiocarbodiimide amino acid derivative extracted into n-butyl acetate

(50 pL). A 2 -5 pL aliquot of the aqueous layer was femoved and subjected to

FAB MS analyses. The remaind.er of the solution was lyophilised in readiness

for the next cycle of the degradation Process'

6.7 Enzymic Digests

L)¡s-C digests

A solution of endoprotease Lys-C (from Lysobøcter enzymogenes, Sígma, St'

Louis, MI, USA), was prepared by dissolving 3 units in Milli-Q water (150 pL).

The lyophilised peptide (generally 100 nmol) was dissolved in aqueous

ammonium hydrogen carbonate (0.1 M, 25 pL, PH = 8.0) and endoprotease

Lys-C (2 pL) added. The solution was incubated at 40" C for 2 hours, with the

products analysed directly by FAB MS and occasionally CA MIKES.
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Aso N disests

-

A solution of HPLC purified endoprotease Asp-N (from Pseudomonas fragi

[mutant strain], Sigma, St. Louis, MI, USA), was prepared by dissolving 2 pg in

Milli-Q water (50 ¡rL). The lyophilised peptide (generally 100 nmol) was

dissolved in TRIS buffer (0.1 M, 25 ¡tL, PH = 8.0) and endoprotease Asp-N (1 ttl,)

added. The solution was incubated at 40'C for 18 hours, with the products

analysed directly by FAB MS and occasionally CA MIKES.

Ars C disests

-

A solution of endoprotease Arg-C (from mouse submaxillary gland, Sigma, St.

Louis, MI, USA), was prepared by dissolving L00 units in Milli-Q water

(5000 pL). The lyophilised peptide (generally L00 nmol) was dissolved in

phosphate buffer (KHzPO¿:K2HPOa, 96:'J-, 0.1 M, 40 ¡tL, pH = 8.0) and

endoprotease Arg-C (2 ¡rL) added. The solution was incubated at 40" C for 2

hours, with the products analysed directly by FAB MS and occasionally CA

MIKES.

cr-Chvmotrvpsin disests

-

A solution of cr-chymotrypsin (type II from bovine pancreas/ Sigma, St. Louis,

MI, USA), was prepared by dissolving 20 units in Milli-Q water (1000 ¡tL). The

lyophilised peptide (generally L00 nmol) was dissolved in TRIS buffer (0.1 M,

40 ¡tL, pH = 8.0) and cr-chymotrypsin (2 ttl.) added. The solution was incubated

at 40" C for 3 hours, with the products analysed directly by FAB MS and

occasionally CA MIKES.
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6.8 Conversion to MethYl Esters

peptides were converted to their methyl esters by the following general

procedure.

A stock solution of 2N acidic methanol was prePared by adding acetyl chloride

(242 ¡tL) to solid methanol (758 ¡tL, lrozen by immersion in liquid nitrogen) the

vessel tightly stoppered and the solution gradually warmed to room

temperature. A vigorous reaction occurred, the pressure was released and the

vessel stoppered and stored at 5" C. The stock solution is stable for months at

this temperature.

To the lyophilised peptide (50 nmol) was added acidic methanol (300 pL) and

the mixture incubated at 40" C lor 2 hours, then lyophilised and submitted for

FAB MS analysis. No consideration was taken to prevent esterification of

amide or acid functionalities of amino acid side chains.

6.9 Preparation of Synthetic Peptides

The uperins* selected for biological testing were synthesised commerciaily(381)

using L-amino acids aiø tlne standard cr-Fmoc method.(382) Each synthetic

uperin was shown to be identical with the natural uperin by (i) FAB mass

spectrometry, (ii) Edman sequencing, and (iii) co-elution of the synthetic and

natural peptides on HPLC.

* 
For financial reasons, not all uperins could be synthesised'
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6.L0 BiologicalTesting

Uperin 1.1- was sent to the Universita Degli Studi di Roma to be tested by

V. Erspamer and colleagues. The details of the bioassay are as follows:

The bioassay of uperin 1-.1. was carried out in parallel with uperolein and

physalaemin, the latter being the prototype of the aromatic, NKL-receptor

preferring tachykinins.

Test systems were five isolated smooth muscle preparations (guinea-pig ileum,

colon and urinary bladdet, rat urinary bladder, rabbit terminal colon) and the

rabbit blood pressure. All smooth muscle preparations were suspended in a

bath of L0 mL Tyrode solution at 37" C, oxygenated by 95% Oz and 5% CO1

Contractions of the smooth muscles were recorded isometrically by a

strain-gauge transducer (DY2, force up to 10 g) and displayed on a recording

microd.ynamometer (Basile, Vareses, Milan). Carotid blood Pressure of the

anaesthetised rabbit (ethyl urethane),1.5 g/Kg, intraperitoneally) was recorded

from a carotid artery by u Trantee pressure transducer (mod. 880; Bentley,

Irvine, California) connected to a microdynamometer.

The injections of the peptide were given through a polyethylene tube inserted

into the jugular vein. The results are shown in Table 3.L5. The activity of

physalaemin was considered equal to 100, that of the other two tachykinins

was expressed as a percentage of this activity. The ranges are given in

parentheses; the number of experiments in the square parentheses.

Other uperin peptides were submitted for antimicrobial activity at the Institute

for Medical and Veterinary Science, Adelaide. The results are listed in Tables

3.14 and 4.74.
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